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PROJECT 1 

PRINCIPAL INVESTIGATOR:  David J. Baylink, M.D. 

TITLE:  Studies on Genetic Regulation of Digit Tip Regeneration  

  

 
 



 

I. GENERAL INTRODUCTION 
This proposal is divided into three sections: A) Molecular Genetic Projects, of which 

there are four projects. B) Gene Therapy Projects, of which there are three projects; and C) 
Support Service Facilities, of which there are four projects.  Each of the above projects has an 
introduction . 

Our goals for the first 12-months of this funding period for each of the technical 
objectives, as well as our progress for each of the technical objectives, are described below.  The 
progress report for each project is organized according to the outline provided by the office of 
the U.S. Army Medical Research and Material Command. 
 
A. MOLECULAR GENETICS PROJECTS 
PROJECT 1



PRINCIPAL INVESTIGATOR:  David J. Baylink, M.D.




TITLE:  Studies on Genetic Regulation of Digit Tip Regeneration 


 

Introduction 
Our long-term goal in this study is to identify the genes involved in bone and soft tissue 

regeneration and to evaluate the functions of those genes.  Such genes are particularly relevant to 
identifying one’s risk for and prevention of stress fractures, as well as the risk of fractures from 
battlefield injuries and to corresponding gene therapy treatment for such fractures.   

Recently, we and others have demonstrated that the MRL mouse, as opposed to several 
other inbred strains of mice, show regeneration of ear hole punches. This is a genetically 
controlled phenomenon and in our study we found 10 different QTL gene loci responsible for the 
difference in healing between the SJL and MRL mouse. More recently, it has been shown that 
the MRL mouse is capable of cardiac muscle regeneration.  Based on these observations, we 
have proposed earlier to study digit tip regeneration in a series of inbred strains of mice in an 
attempt to identify good and poor digit tip regenerators in order to eventually identify the genes 
responsible for good and poor bone regeneration.  In this regard, we found that amputated digit 
tip healed significantly faster in MRL mice compared to DBA and C57BL/65 inbred strains of 
mice.  

Whole genome microarray studies using healing digit tip from fast healer MRL/MpJ 
(MRL) and poor healer C57BL/6J (B6) have revealed that a number of genes were differentially 
expressed between fast healer and poor healer strains.  We have selected two genes, namely 
formin2 and EphA4, for our further studies based on the following rationale.  We selected 
formin2 because formin1, another member of forming gene family, is involved in skeletal 
development.  We selected EphA4 because recent studies have shown that this gene plays an 
important role in nerve regeneration.  Nothing is known about the role of either formin2 or 
EphA4 in bone.  We have therefore proposed studies to evaluate the role of formin2 and EphA4 
in bone.   

 
 

Body 
1. Technical Objectives 

Our specific objectives during the first 12 months of this continuation grant period are as 
follows: 



1) To continue to characterize mice lacking formin2 and EphA4 in digit tip regeneration.  
To this end, we will continue to breed heterozygous EphA4 knockout mice obtained from 
Jackson Laboratories to generate homozygous knockout and corresponding control mice.  New 
born pubs will be used for digit tip regeneration studies.  Regeneration rates will be determined 
by Faxitron X-ray, microCT and histology.  
 
2) To evaluate the skeletal phenotype of formin2 knockout and EphA4 knockout mice.  We 
will evaluate areal bone density in knockout and control mice by PIXImus at week 3, 6, 9 and 12 
weeks of age.  We will measure bone size and volumetric bone density at 12 weeks of age after 
sacrifice. 
3) To evaluate the biological role of formin2 and EphA4 in regulating osteoblasts, we will 
initiate studies to overexpress sense or antisense constructs (or siRNAs) using appropriate 
vectors and determine the effects on proliferation, differentiation and apoptosis in mouse 
osteoblasts. 
4) To identify signaling pathways by which formin2 and EphA4 regulate osteoblasts, we 
will generate knockout and control mice and extract RNA from bones for whole genome 
microarray studies. 
 
Our specific objectives during the final 3 months of this project as follows: 
 
1) To analyze phenotype data from formin2 and EphA4 knockout mice and write up the 
results for publication. 
2) To continue the studies on overexpression of sense or antisense constructs (or siRNAs) 
using appropriate vectors and determine the effects on proliferation, differentiation and apoptosis 
in mouse osteoblasts. 
 
2. Progress on Technical Objectives 
 
Technical Objective 1:  To continue to characterize mice lacking formin2 and EphA4 in digit 
tip regeneration.  To this end, we will continue to breed heterozygous EphA4 knockout mice 
obtained from Jackson Laboratories to generate homozygous knockout and corresponding 
control mice.  New born pubs will be used for digit tip regeneration studies.  Regeneration 
rates will be determined by Faxitron X-ray, microCT and histology.   
 
EphA4 Mutant Mice.   Knockout mice of EphA4 are not commercially available.  However, a 
strain of mice with a spontaneous mutation of EphA4 is available from Jackson Laboratories.  
Two heterozygous breeding pairs of mice with a spontaneous mutation of EphA4 were obtained 
from Jackson Laboratories.  The EphA4 mutant mice bred but homozygous mutant offspring 
were found to be not very viable.  Thus, not enough mice could be obtained for regeneration 
studies and these studies were undertaken with FMN2 knockout mice. 
 
FMN2 Knockout Mice.  FMN2 knockout mice were obtained from Dr. Philip Leder 
(Department of Human Genetics, Harvard Medical School, Howard Hughes Medical Institute, 
Boston, MA).  The mice were originally generated in inbred 129Sv mice by homologous 
recombination of a targeting vector with 1300 bp of the FH1 domain of FMN2 deleted and 
replaced by 1257 bp containing the PGK-Neo gene followed by stop codons in all three reading 



frames (10).  Two heterozygote FMN2 (+/-) male/female pairs were bred to generate wildtype 
(+/+), and knockout (-/-) pups for subsequent regeneration, bone density, bone size and bone 
volume studies. 
 
FMN2 Regeneration Studies.  Surgery was conducted on the pup’s digit tips within 1-day of 
birth.  The neonatal mice were anesthetized with 5% Halothane mixed with O2 5L/min.  The 
right front 3rd and 4th digit tips were amputated, with the left side as uncut controls.  Since the 
level of amputation is very important to subsequent regrowth capabilities, all surgery was 
performed under a microscope and a scalpel was used to dissect the digit tips as accurately as 
possible at the mid-point of the third phalanges.   The accuracy of digit tip surgery and amounts 
of tissue dissected were documented and measured by capturing images of the digits both before 
and after surgery.  Both left (uncut) and right (cut) paw X-ray images were taken at 0, 7, 14, 21, 
and 28 days post surgery with a Faxitron MX-20 X-ray.   In order to insure that regrowth results 
were not influenced by differences in mouse size, the data was normalized by dividing right cut 
growth measurements by left uncut growth measurements.   Figure 1 shows the results of the 
regeneration studies.   Knockout FMN2 mice appear to have slightly appeared regeneration.  
However, these regrowth percentages did not reach statistical significance.   This is likely due to 
measurement variations implicit in manual measurement methods.  
 
 
Figure 1.  Percent Digit Tip Regrowth in FMN2 Knockout and Wildtype Mice.  FMN2 
knockout mice display slightly less regeneration than wildtype mice.  The difference did not 
reach statistical significance however. 
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Technical Objective 2: To evaluate the skeletal phenotype of formin2 knockout and EphA4 
knockout mice.  We will evaluate areal bone density in knockout and control mice by PIXImus at 
week 3, 6, 9 and 12 weeks of age.  We will measure bone size and volumetric bone density at 12 
weeks of age after sacrifice. 
 
Bone Measurements 
Volumetric bone mineral density (vBMD) and geometric parameters of femurs were determined 
by peripheral quantitative computed tomography (pQCT) (Norland Medical Sytems).  The 
resolution limit of this instrument is approximately 70 microns.  Calibration of pQCT was 
performed daily with a defined cone phantom standard.  Analysis of the pQCT scans was 
performed using Bone Density Software version 5.40 (Norland Medical Systems).  Total bone 
mineral density (total BMD) and geometric parameters were estimated with Loop analysis.  The 
threshold was set at 230-630 mg/cm3.  Femur bone parameters were measured and averaged for 
three scans at mid-diaphysis.  The longitudinal lengths of femurs were measured with a caliper.  
Statistical analyses of bone parameters were done using Statistica software (Statsoft Inc).   
 
FMN2 Knockout Mouse Phenotypes 
Knockout (-/-) and wildtype (+/+) FMN2 mice were measured for bone size and volumetric 
BMD at 12 weeks by peripheral quantitative computed tomography (pQCT) The studies of 
knockout FMN2 mice find that they have decreased femur cortical thickness and total bone 
density and increased endosteal circumference of femurs in comparison to wildtype FMN2 mice.    
 
Table 1.  Bone Phenotypes Measured by pQCT.    Shown are mean total weight and bone size 
and density measurements for FMN2 knockout and wildtype mice.  FMN2 knockout mice 
exhibit significantly reduced femur cortical thickness due to an increase in femur endosteal 
circumference.  
          
Unadjusted     FMN2 (+/+)  FMN2 (-/-)  
Phenotypes          (n = 9)       (n = 7) _____ 
Body weight (g)    24.1 +/- 1.7  21.1 +/- 1.4   
Length (mm)     14.2 +/- 0.93  14.5 +/- 0.90   
vBMD (mg/cm3)    884.5 +/- 44.3  850.0 +/- 27.8  
Periosteal Circumference (mm)  4.28 +/- 0.23  4.04 +/- 0.29   
Endosteal Circumference (mm)  2.29 +/- 0.35  2.44 +/- 0.16   
Cortical Thickness (mm)   0.32 +/- 0.06  0.25 +/- 0.02   

 
FMN2 knockout mice were found to have significantly decreased cortical thickness 

caused by apparent changes in periosteal and endosteal circumference compared to control mice. 
This contributes to a 6% reduction in vBMD in FMN2 knockout femurs (p = 0.04).  The 
mechanisms that cause these femur phenotypes could be either increased bone resorption  
(osteoclast cells) and/or decreased bone formation (osteoblast cells).   



 
 
 
 
 
EphA4 Mutant Mice.    Areal bone density and weight in EphA4 mutant and control mice was 
measured by PIXImus at week 3, 6, 9 and 12 weeks of age.   EphA4 knockout mice were found 
to be significantly smaller in size at all time points.  This size phenotype also led to significantly 
reduced BMD.  Figure 1 shows these results.  At 12 weeks of age bone measurements were also 
undertaken by pQCT.  Table 2. shows these results.  In summary, EphA4 mutatn mice are 
significantly smaller in size and have reduced total BMD.  However, the pQCT measurements 
find no significant differences in any bone phenotype between mutant and wildtype EphA4 mice. 
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Figure 1A.  Body weight of 
EphA4 mutant and wildtype 
mice.  EphA4 knockout mice 
are significantly smaller at all 
time points in comparison to 
wildtype mice. 
 

Figure 1B.  Bone mineral 
density (BMD) of EphA4 
mutant and wildtype mice.  
EphA4 knockout mice have 
reduced BMD in comparison 
to wildtype mice at all time 
points measured. 



 
 
 
Table 2.  EphA4 Bone Phenotypes Measured by pQCT.    Shown are all bone phenotypes 
measured by pQCT for EphA4 mutant and wildtype mice.  No significant differences were found 
in any of the bone measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
These data suggest that the phenotype of reduced BMD of EphA4 mutant mice is almost entirely 
due to reduced body size.   This suggests that EphA4 influences overall growth and is not 
influencing primarily bone biology. In contrast, FMN2 mutant mice display significantly 
decreased femur cortical thickness caused by apparent changes in periosteal and endosteal 
circumference. Thus, primary bone osteoblast cells in the in vitro studies focused on the FMN2 
knockout and control mice. 
 
Technical Objective 3:  To evaluate the biological role of formin2 and EphA4 in regulating 
osteoblasts, we will initiate studies to overexpress sense or antisense constructs (or siRNAs) 
using appropriate vectors and determine the effects on proliferation, differentiation and 
apoptosis in mouse osteoblasts. 
 
Real Time PCR Expression of FMN2 
To determine the cell types that contribute to the observed skeletal phenotype in the FMN2 
knockout mice, we measured expression levels of FMN2 by real time RT-PCR using RNA from 
MC3T3-E1 (osteoblast-like) and RAW264.7 (osteoclast-like) cell lines.  We found that MC3T3-
E1 but not RAW264.7 cells express FMN2 transcript.  This suggests that FMN2 likely functions 
through osteoblast cells in bone formation.   Additional studies were undertaken to confirm that 
FMN2 acts in bone formation by treating MC3T3-E1 cells with Wnt3a, a bone formation 
stimulation protein.  RNA was extracted from the Wnt3A treated cells and reverse transcribed 
with oligo (dT) primers and Superscript II reverse transcriptase (Invitrogen) to produce cDNA.  
Real-time PCR was done using the SYBR Green PCR Core Reagents Kit (Applied Biosystems).  
The gene expression levels FMN2 were normalized to housekeeping gene TBP5 using the 
comparative Ct method.   These studies found that treated of MC3T3 osteoblast-like cells with 
Wnt3A significantly increased the expression of FMN2 by 2.7 fold. 
 
 

TOT_CNT TOT_DEN TOT_ATT CRTSUB_CNT CRTSUB_DEN CRTSUB_ATT
EphA4 Wildtype (N=16) 1.289 812.521 1.223 1.276 1003.556 1.453
EphA4 Knockout (N=12) 1.192 815.553 1.226 1.170 998.961 1.448
T-Test 0.274 0.941 0.941 0.221 0.832 0.832  

TRAB_CNT TRAB_DEN TRAB_ATT TOT_A TRAB_A
EphA4 Wildtype (N=16) 0.019 64.790 0.300 1.579 0.314
EphA4 Knockout (N=12) 0.026 98.431 0.348 1.459 0.294
T-Test 0.283 0.138 0.163 0.065 0.576



 
 
 
 
 
 
Table 3.  Treatment of MC3T3 osteoblast-like cells with Wnt3A, a bone formation stimulator, 
increased the expression of FMN2 by 2.7 fold (P<0.01).    
 
 
 
 
 
 
 
 
These studies indicate that FMN2 is expressed by cells of osteoblast lineage but not by cells of 
osteoclast lineage.  This suggests that FMN2 acts primarily through bone formation and not bone 
remodeling.  Also, the RNA Expression studies suggest that FMN2 may be involved in the WNT 
signaling pathway.   In order to clarify the mechanisms through which FMN2 functions we 
undertook primary cell culture studies of FMN2 wildtype and knockout osteoblast cells. 
 
 
 
Alkaline Phosphatase (ALP) Differentiation Assays 

Osteoblasts mature from progenitor cells that reside in the bone marrow.   During 
osteoblast differentiation from progenitor cells, alkaline phosphatase (ALP) upregulation occurs.  
Thus a marker for the differentiation activity of osteoblast cells is the upregulation of ALP.  
Calvarial cells are primary comprised of osteoblast cells and calvarial cells undergo natural 
differentiation when cultured.  Thus for in vitro studies FMN2 knockout and wildtype primary 
cells, osteoblasts were isolated from calvaria of 4-week old knockout and wildtype mice.  

FMN2 knockout and wildtype calvaria cells were harvested from 28-day-old fetal mice 
and were digested in a solution containing 0.1% collagenase and 0.05% trypsin at 37°C. After 
10-minute digestion, the solution was discarded, and a new enzyme solution was added to the 
sediment and re-digested for 10-20 min. Isolated cells were maintained in a-MEM containing 
10% calf serum and antibiotics at 37°C in a humidified atmosphere consisting of 5% CO2 in air.   
The medium was then changed into a-MEM with 2% FCS. 48 h after incubation, cells were 
washed with phosphate-buffered saline twice, and cell lysates were extracted with 0.05% Triton 
X-100. ALP activity in cell lysates was measured at 0, 1, 2, 3, 4, and 5 hours.  FMN2 knockout 
osteoblast cells were found to have reduced ALP activity at all time points except time 0.  Figure 
2 shows that ALP activity was reduced at these time points for osteoblasts derived from FMN2 
knockout mice in comparison to wildtype control mice.   
 
 
 
 

MC3T3-E1 36.37 +/- 0.55 26.47 +/- 1.01 9.9 0 1
MC3T3-E1 + Wnt3A 33.42 +/- 0.44 24.95 +/- 0.22 8.47 -1.43 2.69

RAW264.7 40 (No amplification) 27.32  +/- 0.63 NA NA NA

Delta Ct             
to Untreated Control

Relative Amount of RNA 
to Untreated ControlRNA Sample Ct FMN2 Ct TBP5 Delta Ct



 
 
Figure 2.  ALP Activity in FMN2 wildtype and knockout osteoblast cells.  Knockout FMN2 
osteoblasts show significantly reduced ALP activity at 1, 2, 3, 4 and 5 hours (P<0.01). This 
indicates that differentiation of FMN2 knockout osteoblasts is reduced in comparison to wildtype 
FMN2 osteoblasts.   
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
Cellular Proliferation BrdU Assays 

Evaluation of cell cycle progression through measuring cellular proliferation is useful for 
determining the mechanisms through which mutated genes act. A well-established method to 
measure proliferation is the use of  bromodeoxyuridine (BrdU), a thymidine nucleotide analog. 
BrdU is incorporated into newly synthesized DNA strands of actively proliferating cells. 
Following denaturation of double stranded DNA, BrdU is detected immunochemically allowing 
the assessment of the population of cells which are actively synthesizing DNA.  Thus to measure 
FMN2 wildtype and knockout osteoblast proliferation we undertook colorimetric proliferation 
enzyme-linked immunosorbent assays (ELISA) for the detection of bromodeoxyuridine 
incorporation into newly synthesized DNA of cells.  BrdU (Exalpha Biologicals, Inc.) was 
incorporated into DNA in calvarial osteoblast cell cultures for 1 hour.  Washed and fixed in 
paraformaldehyde, the cultures were incubated with mouse anti BrdU monoclonal antibody 
which was detected by a secondary antibody and then conjugated with peroxidase marking the 
cells actively synthesizing DNA. The amount of BrdU was quantified with a microplate 
spectrophotometer at a wavelength of 450 nm with reference at a wavelength of 570 nm.   
Monolayer cultures without BrdU incorporation were used as a negative control.  Figure 3 shows 
that cellular prolifereation was also reduced in osteoblasts derived from FMN2 knockout mice in 
comparison to wildtype control mice.   
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Figure 3.  Cellular Proliferation in FMN2 wildtype and knockout osteoblast cells.  Knockout 
FMN2 osteoblasts show significantly reduced proliferation in comparison to wildtype FMN2 
osteoblasts (P<0.01).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mineralized Bone Nodule Formation Assay  
 In vitro studies of primary cell cultures of calvarial cells were undertaken to examine 
bone formation capabilities of FMN2 knockout and wildtype osteoblast cells.  FMN2 knockout 
and wildtype calvarial cells were plated at a density of 7 × 106 cells/90-mm per plastic tissue 
culture dish in α-MEM containing 10% calf serum, 100 U/ml penicillin, and 100 µg/ml 
streptomycin. Culture media were changed every 2 days for 6 days and then switched to 
mineralization media by adding 50 µg/ml ascorbic acid and 10 mM β-glycerophosphate.   Ater 
30 days, cells were washed with PBS, followed by fixation in ice cold 70% ethanol for at least 1 
h. Ethanol was removed, and cells were rinsed with water and stained with 40 mM alizarin red 
(pH 4.2) for 10 minutes at room temperature. Stained cells were further processed by five rinses 
with water, followed by a 15-minute wash in PBS with rotation to reduce nonspecific alizarin red 
stain. The area and the number of bone nodules stained were measured with the use of 
computerized image analyzer software and the percent area of the plates covered with bone 
nodules calculated.  The results show that knockout FMN2 osteoblasts show significantly 
reduced bone nodule formation in comparison to wildtype FMN2 osteoblasts. 
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Figure 4.  Bone nodule formation in FMN2 wildtype and knockout osteoblast cells.  
Knockout FMN2 osteoblasts show significantly reduced bone nodule formation in comparison to 
wildtype FMN2 osteoblasts (P<0.03).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Technical Objective 4:   To identify signaling pathways by which formin2 and EphA4 regulate 
osteoblasts, we will generate knockout and control mice and extract RNA from bones for 
whole genome microarray studies. 
 
FMN2  Knockout and Wildtype Microarray Expression Analysis.  Whole genome 
microarray analysis examines the expression analysis of all known genes in a single experiment.  
By comparing the expression levels of all genes in wildtype and mutant cells can give clues to a 
genes function and pathway.  Thus, we undertook whole genome microarray expression analysis 
of FMN2 knockout and wildtype cells in order to determine the molecular functions and 
pathways of the FMN2 gene.  Total RNA was isolated from mouse calvarial osteoblast cells and 
bones using Trizol followed by RNAEasy column purification (Qiagen).  Custom 
oligonucleotide slides were spotted with ~38,000 70mer oligonucleotides that represent the 
mouse geneome (MEEBO set) obtained from Illumina.  A Q-Array2 robot (Genetix) was used 
for spotting.  A total of 250 ng RNA was used to synthesize double stranded cDNA using the 
Low RNA Input Fluorescent Linear Application Kit (Agilent).  The slides were scanned using an 
4200A Genepix scanner (Axon).  Expression analysis of microarray experiments was performed 
with GeneSpring software (Agilent) using the raw intensity data generated by ImaGene software.  
Local background-subtracted total signal intensities were used as intensity measures, and the 
data was normalized using per spot and per chip LOWESS normalization. Genes that were 
significantly differentially expressed between wildtype and knockout FMN2 osteoblast cells 
were determined by utilizing a one-sample Student's t-test to test whether the mean normalized 
expression level for the gene is statistically different from 1.0.  To characterize and classify the 
function of genes significantly differentially expressed in FMN2 knockout and wildtype 
osteoblast cells, genes were then classified according to their biological process Gene-Ontology 
(GO) category.   Table 3 lists genes significantly downregulated in FMN2 knockout osteoblast 
cells and Table 4 lists genes significantly upregulated in FMN2 knockout osteoblast cells. 
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Table 3.  Genes significantly (p < 0.05) downregulated in FMN2 knockout primary 
osteoblast cells in comparison to wildtype primary osteoblast cells. 
 

Gene Name 
Normalized 

ratio P-value Description 
Gene Ontology Biological 

Process 
Postn 0.41 0.009 Periostin, osteoblast specific factor cell adhesion 

Igfbp5 0.46 0.002 
Insulin-like growth factor binding 
protein 5 regulation of cell growth 

Lrrc15 0.47 0.001 Leucine rich repeat containing 15   
Crabp1 0.50 0.003 Retinoic acid binding protein I transport 
Ccl8 0.60 0.009 Chemokine (C-C motif) ligand 8 chemotaxis; signal transduction 
Fbn1 0.61 0.004 Fibrillin 1   
Egfl6 0.62 0.009 EGF-like-domain, multiple 6   
D15Ertd781e 0.62 0.022 TBC1 domain family, member 22a   

H2-T22 0.63 0.026 
Histocompatibility 2, T region locus 
22 MHC class I; defense response 

Kif2c 0.63 0.030 Kinesin family member 2C microtubule-based movement 

Lpl 0.64 0.000 Lipoprotein lipase 
lipid catabolism; lipid 
metabolism 

Pdzrn3 0.66 0.028 
PDZ domain containing RING 
finger 3 intracellular signaling cascade 

Plac8 0.66 0.029 Placenta-specific 8  biological_process unknown 
Gsta3 0.66 0.015 Glutathione S-transferase, alpha 3   
Csrp2 0.67 0.001 Cysteine and glycine-rich protein 2 cell differentiation; development 
D330027H18Rik 0.67 0.005 RIKEN cDNA D330027H18 gene   
Epc2 0.67 0.019 Enhancer of polycomb homolog 2   
9530025L08Rik 0.69 0.037     
1300017K07Rik 0.69 0.040 Threonine aldolase 1   
Nvl 0.70 0.013 Nuclear VCP-like   

Dhrs6 0.70 0.036 
Dehydrogenase/reductase 
member 6 biological_process unknown 

5730523P12Rik 0.71 0.002     

Evc2 0.71 0.022 
Ellis van Creveld syndrome 2 
homolog   

BC043944 0.71 0.035 CDNA sequence BC043944   

Slc27a3 0.72 0.013 Solute carrier family 27 
fatty acid metabolism; lipid 
metabolism; lipid transport 

A430060F13Rik 0.72 0.045 RIKEN cDNA A430060F13 gene   

H2-T10 0.72 0.039 
Histocompatibility 2, T region locus 
10 MHC class I; defense response 

1810054O13Rik 0.73 0.026 Transmembrane protein 86A    
6720460K10Rik 0.73 0.025     
Suox 0.73 0.001 Sulfite oxidase electron transport 

Sp7 0.73 0.008 Trans-acting transcription factor 7 

osteoblast differentiation; 
regulation of transcription from 
Pol II promoter 

5730596B20Rik 0.73 0.022 RIKEN cDNA 5730596B20 gene   



Snapap 0.74 0.015 
Synaptosomal-associated protein 
25 binding protein 

exocytosis; synaptic vesicle 
exocytosis 

Bach2 0.74 0.030 BTB and CNC homology 2 
regulation of transcription, 
DNA-dependent 

Il17f 0.74 0.048 Interleukin 17F   
BC023892 0.74 0.028 cDNA sequence BC023892   
4930546E12Rik 0.74 0.039     
Phgdhl1 0.74 0.031     
IGHV1S1 0.74 0.050 Ig H-chain V-region 186-1   
BC034664 0.75 0.023 CDNA sequence BC034664 electron transport 
Thbs2 0.75 0.008 Thrombospondin 2 cell adhesion 

Scd2 0.75 0.008 
Stearoyl-Coenzyme A desaturase 
2 

fatty acid biosynthesis; lipid 
biosynthesis 

Trim59 0.75 0.012 Tripartite motif-containing 59 
regulation of transcription, 
DNA-dependent 

Hoxd8 0.75 0.003 Homeo box D8 

development; organogenesis; 
pattern specification; regulation 
of transcription, DNA-
dependent 

1810020D17Rik 0.75 0.008 RIKEN cDNA 1810020D17 gene   

Mrgprb4 0.75 0.009 MAS-related GPR, member B4 
G-protein coupled receptor 
protein signaling pathway 

AI173486 0.75 0.033 RIKEN cDNA 1500015A07 gene   
1110013I04Rik 0.75 0.040     
A430057M04Rik 0.75 0.019 RIKEN cDNA A430057M04 gene   

Fgf3 0.75 0.025 Fibroblast growth factor 3 

cell proliferation; induction of an 
organ; regulation of cell cycle; 
signal transduction 

Gpr74 0.75 0.033 G protein-coupled receptor 74 
G-protein coupled receptor 
protein signaling pathway 

4930511H11Rik 0.76 0.013 RIKEN cDNA 4930511H11   

Armcx2 0.76 0.023 
Armadillo repeat containing, X-
linked 2   

Slc30a9 0.76 0.029 Solute carrier family 30 protein biosynthesis 
Col5a1 0.76 0.048 Procollagen, type V, alpha 1 cell adhesion 

Gas1 0.77 0.010 Growth arrest specific 1 
cell cycle arrest; programmed 
cell death 

2610034H20Rik 0.77 0.045 
De-etiolated homolog 1 
(Arabidopsis) ubiquitin cycle 

Cga 0.77 0.023 
Glycoprotein hormones, alpha 
subunit   

2310047D07Rik 0.77 0.004 RIKEN cDNA 2310047D07 gene   
AK052220 0.77 0.011 Periostin, osteoblast specific factor   
0610009C03Rik 0.77 0.019 WD repeat domain 57   

Gars 0.78 0.001 Glycyl-tRNA synthetase 

glycyl-tRNA aminoacylation; 
protein biosynthesis; regulated 
secretory pathway; tRNA 
aminoacylation for protein 
translation 

Uchl3 0.78 0.049 Ubiquitin thiolesterase 
protein deubiquitination; 
ubiquitin cycle; ubiquitin-



 

dependent protein catabolism 

1700001E16Rik 0.78 0.035 Decapping enzyme, scavenger   

D930050H05Rik 0.78 0.006 Kelch-like 20 (Drosophila) 
cytoskeleton organization and 
biogenesis 

2900046L07Rik 0.78 0.019     

Erbb3 0.79 0.012 
v-erb-b2 erythroblastic leukemia 
viral oncogene homolog 3 

cellular physiological process; 
heart development; peripheral 
nervous system development; 
protein amino acid 
phosphorylation; regulation of 
cell cycle 

9530013L04Rik 0.79 0.025     
9030607L20Rik 0.79 0.049     
Tns 0.79 0.021     

AW125391 0.79 0.028 
Radical S-adenosyl methionine 
domains 1   

Cnbp2 0.79 0.021 
Cellular nucleic acid binding 
protein 2 electron transport 

Amh 0.79 0.039 anti-Muellerian hormone 

gonad development; gonadal 
mesoderm development; 
urogenital system development 

Qscn6l1 0.79 0.005 Quiescin Q6-like 1   

Hmgn2 0.79 0.024 
High mobility group nucleosomal 
binding domain 2 DNA packaging 

1810009M01Rik 0.79 0.028 RIKEN cDNA 1810009M01 gene   

Sort1 0.79 0.016 Sortilin 1 
carbohydrate metabolism; 
endocytosis 

Tna 0.79 0.041 C-type lectin domain family 3 skeletal development 

Siat8c 0.80 0.019 sialyltransferase 8C 
protein amino acid 
glycosylation 

2900073F20Rik 0.80 0.033     
BC009118 0.80 0.045 CDNA sequence BC009118   

Phf10 0.80 0.018 PHD finger protein 10 
regulation of transcription, 
DNA-dependent 

AI450757 0.80 0.021 
Splicing factor, arginine/serine-rich 
12 

mRNA processing; nuclear 
mRNA splicing, via 
spliceosome 

 
 
Table 4.  Genes significantly (p < 0.05) upregulated in FMN2 knockout primary osteoblast 
cells in comparison to FMN2 wildtype primary osteoblast cells. 
 

Gene Name 
Normalized 

ratio P-value Description 
Gene Ontology Biological 

Process 

Cugbp2 1.20 0.020 CUG triplet repeat 

mRNA processing; mRNA 
splice site selection; nuclear 
mRNA splicing, via 
spliceosome 

Nap1l1 1.20 0.050 
Nucleosome assembly protein 1-
like 1 nucleosome assembly 



 

App 1.21 0.008 
Amyloid beta (A4) precursor 
protein 

apoptosis; cell adhesion; 
endocytosis; extracellular 
matrix organization and 
biogenesis 

C530043A13Rik 1.21 0.046 RIKEN cDNA C530043A13 gene   

Atp6v1a1 1.22 0.004 ATPase, isoform 1 

ATP biosynthesis; ATP 
synthesis coupled proton 
transport; ion transport 

Ccrl2 1.23 0.049 
Chemokine (C-C motif) receptor-
like 2 

G-protein coupled receptor 
protein signaling pathway 

Rpl10 1.23 0.049 Ribosomal protein 10 protein biosynthesis 
Pgam1 1.23 0.050 Phosphoglycerate mutase 1 glycolysis; metabolism 

Fkbp8 1.24 0.043 FK506 binding protein 8 

cell fate specification; 
dorsal/ventral pattern formation; 
eye morphogenesis (sensu 
Mammalia); protein folding; 
smoothened signaling pathway 

2010319C14Rik 1.24 0.003 
Phosphatidylinositol glycan, class 
X   

Prrx1 1.24 0.043 Paired related homeobox 1 
development; regulation of 
transcription, DNA-dependent 

E430002N23Rik 1.24 0.037     
Ppia 1.25 0.005 Peptidylprolyl isomerase A protein folding 

Hmga1 1.25 0.000 High mobility group AT-hook 1 

DNA packaging; chromosome 
organization and biogenesis 
(sensu Eukaryota); regulation 
of transcription, DNA-
dependent; spermatogenesis 

Tessp2 1.25 0.030 Testis serine protease 2   

Stc1 1.25 0.020 Stanniocalcin 1 

calcium ion homeostasis; 
monovalent inorganic anion 
homeostasis; protein amino 
acid phosphorylation 

B930082K07Rik 1.26 0.011     

Rps7 1.26 0.037 Ribosomal protein S7 
protein biosynthesis; ribosome 
biogenesis 

9530076L18 1.27 0.034     
NC004605 1.27 0.046 mVI036803   
4930563A19Rik 1.27 0.039     
S100a4 1.28 0.035 S100 calcium binding protein A4   

Lig4 1.28 0.001 Ligase IV, DNA, ATP-dependent 

DNA recombination; DNA 
repair; DNA replication; 
cytokinesis; single strand break 
repair 

Thbd 1.28 0.000 Thrombomodulin 

blood coagulation; embryonic 
development; negative 
regulation of coagulation; 
pregnancy 

D15Ertd621e 1.28 0.048 DNA segment, Chr 15 expressed   
Adm 1.28 0.008 Adrenomedullin neuropeptide signaling pathway 

Hspa5 1.29 0.012 Heat shock 70kD protein 5 

ER-overload response; protein 
folding; response to unfolded 
protein 



5930435M05Rik 1.29 0.050     
Rps26 1.30 0.032 Ribosomal protein S26 protein biosynthesis 
A330102K04Rik 1.30 0.050 RIKEN cDNA A330102K04 gene   
Crim1 1.30 0.007 Cysteine-rich motor neuron 1 regulation of cell growth 

AK038963 1.30 0.035 
Lectin, galactose binding, soluble 
8   

V1rd15 1.30 0.007 Vomeronasal 1 receptor, D15 
G-protein coupled receptor 
protein signaling pathway 

Ercc6 1.32 0.032 
Excision repair cross-
complementing  

pyrimidine dimer repair; 
response to oxidative stress; 
transcription-coupled 
nucleotide-excision repair 

Pafah1b1 1.32 0.034 
Platelet-activating factor 
acetylhydrolase 

acrosome formation; cell 
migration; cytokinesis; mitosis; 
neuroblast proliferation; 
neurogenesis; neuronal 
migration; retrograde axon 
cargo transport 

AU067695 1.33 0.013 TRNA splicing endonuclease 2 
mRNA processing; tRNA 
processing 

Kcnrg 1.33 0.036 Potassium channel regulator   

Mapk9 1.33 0.049 Mitogen activated protein kinase 9 
protein amino acid 
phosphorylation 

Gababrbp 1.34 0.049 
Gamma-aminobutyric acid 
receptor binding protein biological_process unknown 

Rnf10 1.34 0.013 Ring finger protein 10   
Rad1 1.35 0.042 RAD1 homolog (S. pombe) DNA repair 
AU021034 1.35 0.038 Expressed sequence AU021034   
Ribc2 1.36 0.041 RIB43A domain with coiled-coils 2 biological_process unknown 

Mia1 1.36 0.035 Melanoma inhibitory activity 1 

cell-matrix adhesion; 
extracellular matrix organization 
and biogenesis 

Gnb3 1.36 0.039 Guanine nucleotide binding protein 

G-protein coupled receptor 
protein signaling pathway; 
signal transduction 

A930027G11Rik 1.37 0.042     

Rab22a 1.37 0.046 
RAB22A, member RAS oncogene 
family 

protein transport; small GTPase 
mediated signal transduction 

4930519F16Rik 1.37 0.023 RIKEN cDNA 4930519F16 gene   
LOC238771 1.37 0.037 Similar to Metaxin 1   
4930515G01Rik 1.37 0.009 RIKEN cDNA 1100001D10 gene   
2010300F17Rik 1.38 0.004     

Cxcl5 1.38 0.003 Chemokine (C-X-C motif) ligand 5 

chemotaxis; immune response; 
inflammatory response; signal 
transduction 

Slpi 1.39 0.042 
Secretory leukocyte protease 
inhibitor   

Serpinb2 1.39 0.049 Serine proteinase inhibitor, clade B   
4933436E23Rik 1.40 0.001     
1700061N14Rik 1.41 0.034     
Dio3 1.42 0.014 Deiodinase   



4933430F16Rik 1.42 0.041 RIKEN cDNA 4933430F16 gene   
1190002H09Rik 1.43 0.048 RIKEN cDNA 1190002H09 gene   
AK081844 1.43 0.002     

Ddx3y 1.43 0.047 
DEAD (Asp-Glu-Ala-Asp) box 
polypeptide   

1100001I19Rik 1.43 0.004 RIKEN cDNA 1100001I19 gene   
Gm1960 1.44 0.003 Gene model 1960, (NCBI)   

Timm22 1.45 0.034 
Translocase of inner mitochondrial 
membrane 22 intracellular protein transport 

Sertad2 1.45 0.011 SERTA domain containing 2 
regulation of transcription, 
DNA-dependent 

Sprrl9 1.47 0.006 Small proline rich-like 9   

Pigt 1.48 0.026 
Phosphatidylinositol glycan, class 
T   

Cdc42ep3 1.48 0.030 CDC42 effector protein   

Sqrdl 1.48 0.001 
Sulfide quinone reductase-like 
(yeast) electron transport 

2900016D05Rik 1.49 0.005 RIKEN cDNA 2900016D05 gene   
Sdpr 1.51 0.008 Serum deprivation response   

Serping1 1.54 0.005 Serine peptidase inhibitor, clade G 

blood coagulation; complement 
activation; complement 
activation, classical pathway 

Tm4sf1 1.54 0.003 
Transmembrane 4 superfamily 
member   

Odd1 1.57 0.029 Odd-skipped related 1   

Atp1a1 1.60 0.030 
ATPase, Na+/K+ transporting, 
alpha 1 

cation transport; metabolism; 
monovalent inorganic cation 
transport; potassium ion 
transport; sodium ion transport 

S100a8 1.61 0.025 Calgranulin A Chemotaxis 
Akr1c18 1.61 0.004 Aldo-keto reductase family 1 progesterone metabolism 
B430201A12Rik 1.65 0.006 RIKEN cDNA B430201A12 gene   
1700009P13Rik 1.67 0.036 RIKEN cDNA 1700009P13 gene   
Lcn2 1.70 0.035 Lipocalin 2 Transport 

Efemp1 1.73 0.008 

Epidermal growth factor-containing 
fibulin-like extracellular matrix 
protein 1 cell adhesion 

Cxcl2 1.74 0.006 Chemokine (C-X-C motif) ligand 2 

chemotaxis; immune response; 
inflammatory response; signal 
transduction 

Psca 1.81 0.033 Prostate stem cell antigen   

2610028F08Rik 1.89 0.005 R-spondin 2 homolog 

protein amino acid 
phosphorylation; 
transmembrane receptor 
protein tyrosine kinase 
signaling pathway 

Esm1 2.02 0.022 Endothelial cell-specific molecule 1 regulation of cell growth 

Ssxb1 2.08 0.016 Synovial sarcoma, X member B 
regulation of transcription, 
DNA-dependent 

Aqp1 2.29 0.020 Aquaporin 1 transport; water transport 
 



 
 
Our specific objectives during the final 3 months of this project as follows: 
 
1) To analyze phenotype data from formin2 and EphA4 knockout mice and write up the 
results for publication. 
2) To continue the studies on overexpression of sense or antisense constructs (or siRNAs) 
using appropriate vectors and determine the effects on proliferation, differentiation and 
apoptosis in mouse osteoblasts. 
 
A presentation describing the results of the FMN2 knockout mouse studies was presented at the 
American Society for Bone and Mineral Research, 28th Annual Meeting in September 2006 in 
Philadelphia, Pennsylvania  Also, a paper describing the digit tip regeneration phenotypes of 
MRL mice is currently in press in the journal Wound Repair and Regeneration.  In vitro studies 
on primary osteoblasts are also ongoing. 
 
 
3.    Key Research Accomplishments 
 
Subproject 1:  

 

1) Formin-2 (FMN2) knockout mice have significantly reduced femur cortical thickness and total 
bone mineral density and significantly increased femur endosteal circumference.   

2) EphA4 mutant mice have reduced total BMD due primarily to reduced body size and weight. 

3)  FMN2 was found to be expressed in osteoblast-like MCT3T cell line but not in osteoclast-like 
RAW264.7 cell line. 

4)  FMN2 was found to be increased in expression in Wnt3A treated MCT3T osteoblast cell line, 
suggesting that FMN2 is in the Wnt signaling pathway.   

5)  Knockout FMN2 osteoblasts show significantly reduced ALP activity in comparison to 
wildtype FMN2 osteoblasts at 1, 2, 3, 4 and 5 hours (P<0.01). This indicates that differentiation 
of FMN2 knockout osteoblasts is reduced in comparison to wildtype FMN2 osteoblasts.   

6)  Knockout FMN2 osteoblasts show significantly reduced proliferation in comparison to 
wildtype FMN2 osteoblasts (P<0.01). 

7) Knockout FMN2 osteoblasts show significantly reduced bone nodule formation in comparison 
to wildtype FMN2 osteoblasts (P<0.03). 

8)  Microarray expression analysis of find that periostin (POSTN) and IGF Binding Protein 5 
(IGFBP5) are significantly downregulated in FMN2 knockout osteoblasts (as well as other 
genes). 

9) These studies suggest that FMN2 is expressed in bone primarily in osteoblast cells; that 
FMN2 is influenced by WNT signaling; that FMN2 is important in osteoblast differentiation and 
proliferation; and that FMN2 is important in bone formation. 



 

 

5.      Reportable Outcomes 

Presentations:  

RB Chadwick, LM Bu, Y Hu, Y Zhu, DJ Baylink, S Mohan.  Formin-2 Knockout Mice 
Exhibit Reduced Femur BMD and Cortical Thickness.  American Society for Bone and 
Mineral Research, 28th Annual Meeting, Sept 15-19, 2006, Philadelphia, PA 

Publications: 

RB Chadwick, LM Bu, Y Hu, Y Zhu, DJ Baylink, S Mohan.  Digit Tip Regrowth and 
Differential Gene Expression in MRL/Mpj, DBA/2 and C57BL/6 Mice.  Wound Repair 
and Regeneration, in press, 2007. 

 

Conclusions 
 
 In conclusion, Formin-2 (FMN2) knockout mice have been found to have significantly 
reduced femur cortical thickness and total bone mineral density and significantly increased femur 
endosteal circumference.  Members of the formin gene family have been implicated in the WNT 
signaling pathway which is known to initiate growth and regulate cell differentiation in a number 
of tissues [1, 2].  Also, bone formation has been shown to be activated by WNT signaling in 
osteoblast stem cells by promoting osteoblastic differentiation and proliferation [3, 4].    

Our in vitro studies of FMN2 knockout osteoblast cells find that they demonstrate 
reduced differentian and proliferation capacities in comparison to wildtype FMN2 osteoblast 
cells.  These findings further support the hypothesis that FMN2 is important gene involved in 
differentiation, proliferataion and bone formation.  The data also indicates that FMN2 is involved 
in the WNT signaling pathway.   

Our microarray expression studies find that Periostin (POSTN) is significantly 
downregulated in FMN2 knockout osteoblast cells.  POSTN is a secreted protein that is highly 
expressed in developing osteoblast cells and is thought to function by supporting cellular 
adhesion.  Periostin has also been shown to be present at the osteogenic fronts of calvarial bones 
and studies have shown that POSTN is upregulated by TGF-b and WNT3 [5, 6].    Our 
expression studies of WNT3 treated osteoblast-like MC3T3 cells have found that FMN2 is 
upregulated.  However, microarray expression studies of FMN2 knockout osteoblasts find that 
POSTN is downregulated when FMN2 is mutated.  Thus,  our current hypothesis is that FMN2 is 
most likely downstream of WNT3 and upstream of POSTN.   Future studies will be undertaken 
to confirm or disprove this hypothesis. 
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Project 2: Sensitizer Screening to Enhance Detection of ENU-Induced Mutant 
Phenotypes 
 

Introduction 
In the present study, we propose to employ mouse models in which genes that have been 

previously implicated to play a critical role in the development and maintenance of 
musculoskeletal tissues have been knocked out.  By using mice with mutation in a gene known 
to affect musculoskeletal phenotypes, we propose to sensitize a classical ENU mutagenesis 
screening system (1), and thereby increase the recovery of mutants by discovering genes that 
have subtle effects on musculoskeletal phenotype.  The principle for increased sensitivity of 
recognition is synergism between the unknown ENU mutation and the known knock out gene (2-
4).  One of the important requirements for the success of our approach involving sensitizer 
screen to identify novel mouse mutants for musculoskeletal phenotypes relates to which 
knockout mouse models are selected for ENU mutagenesis screens.  In this regard, it is now 
widely accepted that IGF-I (5) and TGF β (6) are two critical regulatory molecules that regulate 
growth and development of musculoskeletal tissues and that deficiencies in these two growth 
factors contribute to impaired growth and maintenance.  Furthermore, IGF-I and TGF β have 
been implicated in mediating the effects of many systemic and local factors that regulate 
musculoskeletal system.  Therefore, we employed lit/lit mouse where lit allele results in a 
nonfunctional growth hormone related hormone receptor (GHRHR).  These mice are IGF-I 
deficient. The Smad2 is a key molecule for TGF β signaling pathway in bone cells, the 
homozygous smad2 knockout mice are lethal but heterozygous smad2 mice survive and appear 
to have normal musculoskeletal phenotype.  We have used these models to screen for 
musculoskeletal phenotypes based on the hypothesis that ENU induced mutation will exhibit 
greater effect on the musculoskeletal phenotype under reduced dosage of IGF-I and TGF-β.   
 

Body 
Technical Objectives 

To identify the mouse mutants with musculoskeletal phenotypes in the F1 progeny of 
ENU treated male mice mated with IGF-I deficient lit/lit and TGF β deficient Smad2 knockout 
female mice compared to their respective wild type female mice. 
 
To achieve the above technical objective, we have proposed the following specific objectives 
during the final 12 months of this study. 
   
a) Breed knockout females with wild type ENU treated males to generate approximately 100 

F1 progeny for each lit/lit and Smad2 mutant.  Breed wild type females with ENU treated 
males to produce 100 F1 control progeny. 

b) Perform musculoskeletal screens at 10 weeks of age in the F1 progeny to measure bone 
mineral content, bone density, bone size, muscle size and fat content using PIXImus and 
pQCT instruments.  Perform biochemical measurements of bone turnover in the serum 
samples. 

c) Begin to confirm the mutant phenotypes by backcrossing the mutant mice with lit/lit or 
Smad2 knockout mice, as appropriate.    



 

 
Progress on Specific Objectives 
We used two mouse models for our sensitized screen.  The first model involves mice carrying a 
mutation in growth hormone (GH) releasing hormone receptor (denoted ‘lit’ allele) resulting in 
GH deficiency, low IGF-I expression, and reduced growth.  The second mouse model lacked 
smad2, signal transducer for TGF-beta, an important bone growth factor.  The smad2-/- mice are 
lethal, but smad2-/+ mice exhibit normal growth. Designs of these sensitized screens have been 
described in Figures 1 & 2. 
 
Specific Objective 1. 
 
In the current reporting period, we focused our efforts and resources on the interesting 
phenotypic deviants that we already identified in the previous grant periods.  We believed that it 
was imperative to focus our resources on further phenotypic characterization and follow-up of 
these phenotypic deviants as compared to screening of new F1 mice.  Therefore, we did not 
generate any new F1 progeny as proposed in Specific Objective 1 instead we generated large 
number of F1 mice from backcrossing the phenotypic deviants identified earlier with Wild type 
(WT) lit/+ or smad2+/- mice. 
 
The phenotypic deviants that were followed-up for further breeding are described under four 
different lines in Table-1.  Out of four phenodeviant lines, one line (line 14104) was in lit/+ 
background and three lines (lines 1665CM, 1665DF & 2195) were in smad2+/- background.  
Accordingly, mice from the line 14104 were bred with WT mice carrying lit/+ genotype and 
mice from lines 1665CM, 1665DF & 2195 were bred with WT mice carrying smad2+/- 
genotype.  For breeding we introduced one affected male/female mice with 2-3 WT lit/+ (B6) or 
smad2+/- (B6) mice.  Once a mating was successful, pregnant mice are separated and placed 
separately to give birth to F1 littermates.  AT 3-week, mice were weaned, male and female were 
separated into separate cages and screened as described in Specific Objective 2.  In addition to 
phenotype screening, all mice were genotyped between 3-week and 16-week age for presence of 
‘lit’ or ‘smad2’ allele to calculate number of mice that carry both mutant and ‘lit’ or ‘smad2’ 
alleles.  However, only phenotype distribution was used for separating the mutants from their 
unaffected littermates for further breeding.  To avoid potential breeding of an un-affected 
progeny, we mainly bred extreme scoring mice for generating affected progeny in subsequent 
breeding.  We generated 399 mice from four lines indicated in Table-1 and from breeding WT 
lit/+ or smad2+/- mice.   
 
Specific Objective 2 
 
We screened total of 335 F1 mice for dominant mutations from four lines described in Table-1.  
The screening was performed under anesthesia.  All F1 mice were screened at 10-week of age 
for body weight, bone mineral density (BMD), bone mineral content (BMC), bone size, lean 
mass, and fat mass using dual energy X-ray absorptiometry (DEXA) instrument.  In addition, 
volumetric BMD and bone size parameters such as bone area, total area, marrow area, periosteal 
circumference, endosteal circumference, and cortical thickness were determined in-vivo using 
peripheral quantitative computed tomography (pQCT) imaging system.  In addition to 10-week 
screening, several litters of mice were also screened at 3-week, 6-week, and 16-week to obtain 



 

longitudinal data.  A phenotype was considered heritable if approximately 50% of mice show 
expected directional changes.  From the data obtained so far, we confirmed heritability of line 
14104 in both +/+ genotype and lit/+ genotype.  Although we obtained several affected mice 
from breeding of lines 1665DF and 2195, however, since the smad2 KO mice is not in 100% B6 
background, several generations of breeding will be required to confirm heritable mutation.   
 
Specific Objective 3 
The phenotypic characterization of three lines (14104, 1665DF, and 2195) was extensively 
studied and progress made during current reporting period is described in this section.     
 
Mutant Line 14104 – The 14104 mice was identified in our previous year screen involving lit/+, 
which is in 100% B6 background.  The 14104 mice have 30-40% decreased (Figure-4) cross-
sectional area of both midshaft tibia and femur.  The lower bone cross-sectional area is a result of 
approximately 20% decrease in periosteal circumference in both male and female 14104 mice.  
The mutation is inherited as an autosomal dominant trait.  We have generated >100 progeny 
from four generations of breeding, out of these, approximately 40% of mice were classified as 
mutants, which is close to expected 50% ratio.  The 14104 mice have approximately 8-12% 
lower body weight (Figure-5) as compared to non-affected littermates.  However, the decreased 
bone size phenotype is much greater and present in 3-week old mice when body weight 
differences are not apparent.  In addition, the bone size difference is >20% even after the 
adjustment for body weight.  This suggests that differences in bone size in mutant mice are not 
complemental to lower body weight.  Interestingly, the endosteal circumference is 40%-50% 
decreased in the 14104 mice (Figure-6), which could indicate a corrective mechanism in 
response to reduced bone strength. 
 
In-Vivo Bone Size Phenotype: The in-vivo analysis of bone size phenotype performed by pQCT 
at midshaft tibia between 3-16-week of age (n=34-74) as described previously showed that bone 
cross-sectional area and periosteal circumference were 20-30% lower in affected mice, as 
compared to control littermates (LM) (Table-2) or WT lit/+ mice (Figure-3). The mean Z-score 
calculated for cross-sectional area (CSA) for affected 14104 mice and non-affected littermates 
was -5.7±0.8 and -0.2±0.9, respectively.  Interestingly, femurs and tibia from the 14104 mutant 
mice showed 40-50% reduced endosteal circumference in both male and female as compared to 
non-affected LM (n=11-34) or WT mice.  This decrease in endosteal circumference was greater 
(>20%) in female 14104 mice. The decreased endosteal circumference could indicate increased 
endocortical bone formation as a compensatory mechanism in response to decreased bone 
strength and this could explain a slight increase in vBMD observed in the 14104 female mice.  In 
summary, bone size phenotype in the 14104 mice occurs during early postnatal growth period 
and is maintained during rapid pubertal growth period.   
 
Ex-Vivo Bone Size Phenotype: To confirm the in-vivo measurement, we performed bone size 
measurement using pQCT in bone excised from 6-week (n=16) and 12-16 week (n=17) old mice.  
The excised tibia and femur were scanned at 9-different slices covering the entire length 
(distance between slices were determined by 11% of the length).  Data from excised femur and 
tibia from the 6-week old 14104 mice (n=7) and the non-affected littermate controls  (n=10) 
showed that mean cross-section area was 15-45% lower, periosteal perimeter was 19-29% lower, 
and endosteal perimeter was 6-38% lower over the entire length of bone in the male and female 



 

14104 mice.  In addition to pQCT, we analyzed excised femurs (n=3 per group, 6- & 12-week 
age) by µCT, the data is shown in Figure-7.  Thus, both pQCT and µCT analysis of excised 
bones confirms the phenotype observations made by the in-vivo pQCT measurements.  
 

Histological Examination of Bone Size: To determine if a decrease in the bone formation rate 
may contribute to decreased bone area in mutant mice, bones were dual labeled at a 10-day 
interval using calcein and animals were sacrificed at 12-weeks of age.  After second tetracycline 
injection, femur and tibia were isolated and cleared of surrounding tissues.  To measure bone 
formation and resorption, a location 1 mm proximal to the midshaft was marked on the femur 
with a pencil. A 5 mm segment of the femur midshaft was cut from the bone starting at the mark 
and going distally. The samples were fixed in 10% formalin for 4 hours, rinsed in PBS, and then 
partially decalcified (6 hours) in 10% EDTA in the cold. The samples were infiltrated in glycol 
methacrylate and embedded vertically with the midshaft end down. The samples were sectioned 
with a Jung microtome and the first 1 mm of material discarded until the mid point of the shaft 
was reached. Sections were prepared for analysis by staining for ALP and tartrate resistant acid 
phosphatase (TRAP). Total ALP and TRAP covered surfaces were measured using the 
Osteomeasure system equiped with a digitizing tablet (Osteometrics, Atlanta, GA and color 
camera (Sony, Japan). 

The cross-section area measured by histology was 34-43% lower in the 14104 mice (n=4) as 
compared to the control mice (n=2).  In addition, the other bone size parameters were consistent 
with the in-vivo and ex-vivo bone size data from pQCT (details not shown).  Measurement of 
calcein labels on bone surfaces by histomorphometry revealed a 25% lower bone formation rate 
at periosteal surfaces in the 14104 mice (n=4) as compared to WT mice (Figure-8, since BFR is 
adjusted for bone surface data from male and female mice were combined).  As expected, there 
was an increase in the bone formation rate in the 14104 mice at the endosteal surface.  However, 
the differences were not statistically significant probably due to small number of replicates.  
 
Biomechanical Properties: The breaking load for femurs from 14104 and control mice was 
measured by three-point bending using an Instron DynaMight Low-Force Testing System 
(Instron Corporation, Norwood, MA).  The results are shown in Figure-7D, indicated that the 
breaking load was 30% lower in mutant mice.  
 
Biochemical Bone Markers: The bone formation marker osteocalcin was 20% lower (p=0.021) in 
14104 mice (131±59 ng/ml) as compared to normal littermates (163±81 ng/ml), which indicates 
an overall decrease in osteoblast activity.  Although the BFR at endosteum is increased, 
contribution from the periosteum could be several folds higher and therefore result in a systemic 
decrease in osteocalcin levels.  
 
In-vitro Phenotypic Characterization of Cell Function in the 14104 Mice:  To study the cellular 
mechanism of increased bone density in the 14104 mutant, we isolated the periosteal osteoblasts 
from femur and tibiae of normal and 14104 mutant mice and propagated them in culture for in 
vitro phenotypic characterization. In brief, the mice were euthanized with CO2 and decapitated. 
Soft tissues were removed from femur and tibia without scraping off the bones so that periosteal 
cells were not lost at this point. Femur and tibia were placed separately in 50 ml falcon tubes 



 

containing sterile PBS, and subsequently in culture dish containing 10 ml of DMEM/antibiotics 
and the left over muscles were removed from the bones. The periosteal cells were extracted from 
bone by collagenase digestion for 90 minutes at 37oC.  Cells were counted and plated at a density 
of 106 cells per dish and grown with 10% FBS/α-MEM/antibiotics.  Periosteal osteoblasts at 
passage 2-3 were used to study cell proliferation, differentiation, and apoptosis.  These 
characteristics cells from mutant mice were compared with cells isolated in identical manner 
from age and sex matched wild type mice.  
Cell Proliferation Assay:  
Cell proliferation was studied using (3H)-thymidine incorporation and results were confirmed by 
uptake of Almar Blue dye during cell proliferation.  Figure-9 shows the proliferation rates of 
periosteal osteoblasts isolated from femur and tibiae of female 6-week-old 14104 and normal 
littermate mice.  Both proliferation assays indicate that there was a significant decrease in the 
basal cell proliferation as well as cell proliferation under stimulated conditions in cells from 
14104 mice as compared to the cells from control mice.  
Differentiation Assay: Cell differentiation was measured by observing changes in the alkaline 
phosphatase activities using PNPP as substrate.  Our preliminary studies on osteoblast like cells 
from 14104 mice have indicated that the basal specific activity of alkaline phosphatase was 7-
29% lower (p=0.17) in cells from the 14104 mice (Mean±SD, 0.533± 0.035 mU/mg protein) as 
compared to WT mice (0.656±0.077 mU/mg protein) (details not shown).   
 
In summary, our preliminary characterization of the mutant mice using various imaging 
techniques, histology, biochemical indicators, cell function, and biomechanical properties 
indicates that mutation decreases bone size and strength by regulating bone formation. The 
proliferation and differentiation assay could provide a valuable tool in selecting candidate genes 
(that are involved in regulating cell differentiation) and to test function of candidate gene(s) for 
future studies. 
 
Line 14104 Mapping 
To identify the chromosomal location of the 14104 mutation, we generated F1 mice by breeding 
14104 mutant mice with C3H/HeJ and DBA/J strains of mice.  In the current reporting period, 
we have generated 22 F1 mice (Table-1).  We performed screening of these F1 mice for bone 
size phenotype at 3-week and 6-week age and our preliminary data shows that the bone size 
phenotype is expressed in both C3H/HeJ and DBA/J background. Thus, we believe that both 
these strains could be used for mapping the chromosomal location of the 14104 mutation.     
 
Mutant Line 1665CM – The phenodeviant 1665CM had 18% high body weight and 13% higher 
total body bone density measured by DEXA (Dual Energy X-ray Absortiometry), as compared to 
control smad2/+ mice.  The body weight adjusted bone density was not significantly higher in 
mutant mice. Breeding of line 1665CM mice with the WT smad2/+ mice only produced three 
mice.  Therefore, this line was discontinued. 
 
Mutant Line 1665DF – Mutant line 1665DF was identified in the smad2/+ strain of mice.  The 
phenodeviant had 23% high body weight and 17% higher total body bone density measured by 
DEXA (Dual Energy X-ray Absortiometry), as compared to control smad2/+ mice.  The body 
weight adjusted bone density was 4-8% higher in 16-week old 1665DF mutant mice (p<0.05 vs 
control smad2/+ mice).  We believe the mutant mouse has a high growth as well as high BMD 



 

phenotype.  In the current reporting period, we bred the 1665DF phenodeviant with smad2/+ 
mice and generated 122 progeny.  We have screened 72 F1 progeny at 16-week and we observed 
that only 14 mice showed high BMD phenotype (Figure-10).  There is indication that as 
mutations are diluted as we bred several generations.  If we continue to see decreased phenotypic 
effects upon further breeding of the affected mice with WT smad2+/- mice will discontinue this 
line.  
 
Mutant Line 2195 – Mutant line 2195 was identified in the smad2/+ strain of mice. In the 
current reporting period, we bred the 2195 phenodeviant with smad2/+ mice and generated 41 
progeny.  We have screened 32 F1 progeny at 16-week and we observed and observed that >50% 
mice showed the expected phenotype (Figure-11).  The phenodeviant had 10-20% low body 
weight (Z-score was <-3.0) and 18-20% lower total body bone area measured by DEXA (Z-score 
of <-3.0), as compared to control mice.  The total body bone density was marginally lower (1-4% 
lower) in 16-week old 2195 mutant mice vs control mice.  We believe the mutant mouse has 
growth defects that also affect bone size.    This line could be bred for few more generations to 
confirm mutation.  
 
Table – 1.  Number of mice generated, mice screened for various phenotypes, and number of 
mice introduced to inheritance testing. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mice listen in this table includes mice with genotype +/+ and mice that are not yet genotyped. 
 
 
 
 
 
 
 
 
 
 
 
 

Phenotypic Deviant Mice Lines 
or WT Mice 

Mice Generated in the Current 
Reporting Period 

  
14104 147 
14104 DBA/C3H 22 
1665DF 122 
1665CM 3 
2195 41 
WT lit 31 
WT Neo 30 
  



 

Table-2.  Percent difference in 14104 mice as compared to control littermates in various 
phenotypes measured in-vivo by pQCT at midshaft tibia. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Age 
(Week) 

No of 
Mice 

Sex CSA CSA 
Adj. 

PC EC BMC 

n=16  Male -30 -24 -16 -36 -16 3    
      n=15 Female -34 -32 -19 -41 -18 

n=10  Male -35 -27 -19 -37 -30 6   n=11 Female -41 -32 -23 -45 -33 
n=15 Male -37 -29 -21 -37 -29 10  n=16 Female -38 -30 -21 -44 -22 
n=7  Male -40 -33 -23 -42 -37 16 n=13 Female -38 -29 -21 -54 -31 

All differences in CSA (cross-sectional Area), CSA Adj. (cross-sectional area adjusted 
with body weight), PC (periosteal Circumference), EC (Endosteal Circumference), 
BMC (Total Bone Mineral Content), and Bone Area had p<0.0001 



 

Figure-1.  The sensitized screen design 
to identify mutations affecting growth 
hormone pathway.  The ‘lit’ allele 
denotes GHRHR mutant allele and is 
identified by genotyping the F1 progeny 
by a RT-PCR based SNP assay.   All 
progeny with lit/+ genotype were 
candidate for sensitized mutations.  For 
clarity, the wild type alleles are denoted as 
two separate symbols ‘+’ and ‘wt’ for ‘lit’ 
locus and ENU mutant ‘m’ locus, 
respectively. 
 
 
 
 
 
 
 
 
Figure-2.  The sensitized ENU screen to 
identify mutants involved in TGF-β 
pathway.  The ‘neo’ allele denotes that 
smad2 gene is absent and is replaced by a 
neomycin resistant gene cassette.  We 
have designed primers that are specific for 
the neomycin resistant gene cassette and 
genotyped all progeny to demonstrate 
absence of single copy of smad2.  All 
phenodeviants that have neo/+ background 
are candidates for sensitized mutations.  
For clarity, the wild type alleles are 
denoted as two separate symbols ‘+’ and 
‘wt’ for ‘neo’ locus and ENU mutant ‘m’ 
locus, respectively. 

C57Bl6/J (B6) ENU

lit/+;m/wt    lit/+;wt/wt    +/+;m/wt   +/+;wt/wt

Phenotypic Screens in Mice with  lit Allele

lit/+;wt/wt (B6)

Mutants with Musculoskeletal Phenotypes

+/+; m/wt×

C57Bl6/J (B6) ENU

neo/+;m/wt    neo/+;wt/wt    +/+;m/wt   
+/+;wt/wt

Phenotypic Screens in Mice with  ‘neo’ Allele

neo/+;wt/wt (B6)

Mutants with Musculoskeletal Phenotypes

+/+; m/wt×



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-3.  Bone size phenotype of one of the mutant identified in sensitized screen involving 
growth hormone deficient lit/- mice. The X-ray images of tibia and femurs from the 12-week old 
14104 mutant mice are shown along with their non-affected littermates (LM).   The 14104 mice 
have significantly slender bones with 17-23% lower periosteal circumference and 30-40% lower 
cross-sectional area (p<0.001) as compared to the LM. In mutant mice, the average body weight 
and bone lengths were marginally lower by 10-12% (Figure-1) and 2-7% (p=NS), respectively.  
Cross section image of mid-shaft femur is taken from histological analysis.  
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Figure-4.  Body weight of 14104 mutant mice (n=6-16) and their normal littermates (n=7-20) 
between 3-16 weeks of age.  The 14104 mutant mice showed 10-12% lower body weight 
(statistically significant for 6-16 week old mice) as compared to 30-40% lower bone size.  
Changes in bone size in the 14104 mice occur during early postnatal growth period (during or 
before 3-week age) when differences in body weights were not apparent.  This would suggest 
that interaction between the mutant gene and GH/IGF-I pathway is specific for skeletal tissues.    
 
 
 
 
 
 
 
Figure-5.  The figure shows that there is 
uniform reduction in bone area across 
the entire length of the femur of 6-week 
old mutant mice (14104) as compared to 
normal littermates (Control).  Bone area 
was measured along nine slices covering 
the entire length of the excised femur 
using pQCT. The mutation causes 30-
40% lower bone area (p<0.05 vs control) 
as compared to control mice.  Slices 1, 8 
& 9 were omitted due to large variation. 
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Figure-6. Longitudinal data on periosteal (PC) and endosteal circumference (EC) at mid-shaft 
tibia of female 14104 mutant mice as compared to littermates and WT lit/+ B6 mice (n=7-32, all 
differences were highly significant).  The bottom illustration shows how these differences in PC 
(-20%) & EC (-40%) affects the cross-sectional area resulting in decreased size but increased 
cortical thickness relative to bone size.  Interestingly, these data show that decrease in PC and 
EC occur during early postnatal development, thus, suggesting that 14104 gene is and important 
determinant of periosteal expansion in which the thickness of the cortical bone is fashioned 

according to a predetermined genetic plan. 
 
 
 
 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure-7.  Cortical bone parameters computed from µCT measurements at midshaft femurs from 
mutant (14104) and littermates (control).  A.  Mutant mice have about 30%  lower bone size as 
compared to control mice.  B. The X-ray image of femur from mutant and control mice shows 
significantly slender bones with 17-23% lower periosteal circumference through entire length. C-
D.  The total volume [C] and bone volume measured by µCT were >30% lower, respectively, as 
compared to control.   The breaking load [D] measured at midshaft femur was 29% lower in 
14104 mice as compared to femurs from control mice. 
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Figure-8. To determine if a decrease in the bone formation rate or increased bone resorption rate 
may contribute to decreased bone area in mutant mice, bones were dual labeled at a 10-day 
interval using calcein and mice were sacrificed at 12-weeks of age.  Bone formation rate (BFR) 
measurement were corrected for total bone surface.  The resorbing surface were measured in 
midshaft humerus by measuring TRAP labeled surface naphthol ASTR phosphate (Sigma) as 
substrate and counterstained with toluidine blue.  The TRAP labeled surface is adjusted for total 
bone surface.  (A) The decreased periosteal perimeter appears to be due to significantly reduced 
bone formation rate (-25%) per bone surface (BFR/BS).  (B) In contrast, the decreased endosteal 
perimeter or reduced marrow area appears to be due to decreased bone resorption (-49%) at 
endosteal surface. (Control=Non-Affected Littermates of 14104 mutant mice)  Since both BFR 
and resorbing surface measurements were adjusted for total bone surface, data from male and 
female mice were combined.    
 
   



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-9. Basal proliferation rate of periosteal osteoblasts isolated from femur and tibia of 10-
week-old B6 wild type and 14104 mutant male and female mice. Equal number of cells was 
seeded in 96-well plate (Almar Blue) and 24-well plate (Thymidine Incorporation) and grown in 
absence or presence of 10% calf serum (CS) for 48 hours.  These preliminary data indicates that 
cell proliferation was significantly decreased in osteoblasts isolated from mutant mice as 
compared to controls.  
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Figure-10.  Phenotype data from 16-week old mutant progeny generated from backcross of 
a mutant mouse, 1665DF, identified in sensitized screening in Smad2/+ background.  The 
progeny from 1665CM mutant shows 20% high body weight phenotype.  In addition to body 
weight, the mutant progeny have 15-16% higher total body BMD (B) and 20-25% higher total 
body BMC (C).  Each data point represents one mouse and both affected and non-affected 
littermates are shown under 1665DF progeny.  The horizontal line indicates 2SD cut-off for 
identifying mutant mice from non-affected littermates.  WT=Wild Type (smad2/+) (data shown 
as Mean±SD).   
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Figure-11.  Phenotype data from 16-week old mutant progeny generated from backcross of 
a mutant line 2195.     The progeny from 2195 mutant shows 20% low body weight phenotype.  
In addition to body weight, the mutant progeny have 15-16% lower total body BMD (B) and 20-
25% lower total body BMC (C).  Each data point represents one mouse and both affected and 
non-affected littermates are shown under 2195 progeny.  The horizontal line indicates 3SD cut-
off for identifying mutant mice from non-affected littermates.  WT=Wild Type B6 (data shown 
as Mean±SD).  
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Key Research Accomplishments 
• We maintained a breeding colony of lit/+ mice and Smad2/+ mice to have a continuous 

supply of lit/+ and Smad2/+ mice for breeding with ENU injected B6 males.  We generated 
61 mice from WT breeding. 

• We bred four phenotypic deviant lines with wild type lit/+ or Smad2+/- mice and generated a 
total of 335 mice. 

• We have screened 335 F1 mice generated from breeding four phenotypic deviant lines with 
wild type lit/+ or Smad2+/- mice. 

• We observed that two phenodeviants in smad2/+ background require further breeding to 
dilute the background genetic effects.     

• We have performed extensive characterization of a mutant line, 14104, identified earlier in 
the lit/+ background.  The mutation is robustly inherited and stable. The 14104 mutant with 
presumably single gene mutation accounts for relatively very large effect size, a 30-40% 
lower cross-sectional area at mid-shaft tibia, and femur.   We have demonstrated that changes 
in bone size in the 14104 mice occur during early postnatal growth period and bone size is 
only marginally affected by body size.  We have shown that the decreased periosteal 
perimeter is accompanied by greater decrease in endosteal perimeter.   Thus, the cortical 
thickness is not decreased in the same proportion.  We have identified that mutant gene 
reduces bone formation rate at periosteum and that the osteoblasts cell function is altered.  
Since, bone size is a key determinant of bone strength and elucidation of a gene that 
determines 30-40% of bone size will be an important milestone in understanding genetic 
component of fracture risk.  

• The phenotypic deviants described above represent single gene mutations, and therefore, 
provide interesting mouse model to identify genes that are involved in the genetic regulation 
of growth and musculoskeletal phenotypes. 

 
Reportable Outcomes 

Abstracts 
1. Srivastava AK, Mohan S, Baylink DJ.  A Sensitized ENU Screening System to Discover 

Modifier Genes by Utilizing Mouse Models Deficient in Genes Regulating Skeletal Tissues.  
28th Annual Meeting of American Society for Bone and Mineral Research, 2006. 

2. Srivastava AK, Mohan S, Baylink DJ.  Identification of Mutant with a Large Decrease in 
Bone Size Identified in a Sensitized ENU Screen using Growth Hormone Deficient ‘Little’ 
Mouse.  28th Annual Meeting of American Society for Bone and Mineral Research, 2006. 

 
 

Conclusions 
1) Using two pathways involving IGF-I growth hormone axis and TGF-β signaling 

pathway, we have generated mutations with musculoskeletal phenotypes.  
2) We bred lit/+ mice and heterozygous Smad2+/- mice to three musculoskeletal phenotypic 

deviants (identified in previous years) and generated F1 mice for characterization.  Since, 
we have focused on follow-up of phenotypic deviants observed in previous years; we 
have not screened any new additional F1 mice produced from ENU injected male.  
However, in the follow-up backcrosses, we have generated and screened more than 300 
mice; therefore, we have accomplished our main goal of screening 200 F1 mice in the 
‘Specific Objective-1a.’    



 

3) We have generated 61 F1 mice by breeding WT lit/+ and WT smad2/+ mice. 
4) We have performed musculoskeletal screens at 10 weeks of age in the F1 progeny to 

measure bone mineral content, bone density, bone size, lean mass and fat content using 
PIXImus and pQCT instruments.  Therefore, we have accomplished our main goal of the 
‘Specific Objective-1b.’   

5) We bred one phenodeviant identified in previous year screen in backcross to test 
inheritability of the mutation.  We generated more 41 progeny from backcross and our 
preliminary data indicate that phenotype is inheritable.  Therefore, we accomplished our 
goals for final objective ‘Specific Objective-1c.’ 
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Project 3:  Development of Transgenic Approaches Using BAC Clones to Identify 
Candidate Genes for Musculoskeletal Phenotypes  
 

Introduction 
  

The primary goal of our studies is to localize chromosomal regions and subsequently identify 
genes responsible for various musculoskeletal phenotypes including bone density, bone size, fracture 
repair and soft tissue regeneration, and evaluate the molecular function of these genes.  In our 
previous studies, we have made significant progress on the identification of quantitaive trait loci 
(QTL) in several mutant and inbred mouse strains that are associated with phenotypes of small bone 
size, high bone density, anabolic response to mechanical loading and soft tissue regeneration. 
However, these regions contain dozens of intact genes  with a large piece of genomic DNA in several 
overlapping bacterial artificial chromosomes (BACs) and are still difficult to clone by more time-
consuming, expensive positional cloning strategies. An alternate approach for identifying these 
disease-causing genes that is both feasible and efficient is to transfer the unknown genes from the 
QTL regions into the bone cells in vitro for a high throughput functional screening.  The aim of this 
project is to develop a viral and non-viral gene transfer systems to deliver candidate genes as large as 
150-kb into bone cells for functional studies. In the past 12 months and additional 3 months of this 
continuation grant, we optimized and validated a non-viral gene transfer system to express the coding 
sequence of test genes in the bone cells   
 

Our specific objective during this grant period is to validate a non-viral gene transfer system 
for functional testing of candidate genes in vitro. Our progress in this specific objective is given 
below. 
 

Body 
 
1.  Technical Objectives 

In order to deliver the candidate genes that have been identified in our whole-genome 
microarray screening and quantitative trait loci (QTL) studies for functional testing, we developed a 
non-viral gene transfer system to express the coding sequence of test genes in the bone cells. We 
established this gene transfer strategy for the following reasons: 1) Some of our test genes may 
contain large introns (>100 kb), such that the size of the intact gene, including introns and exons, 
could be beyond the limitation of the HSV packaging capacity (e.g. >150 kb); 2) The bacterial 
artificial chromosome (BAC) clone containing the entire candidate gene may not be available in the 
mouse genome databases; and 3) The BAC clone may encode multiple, alternatively-spliced variants 
with diverse functions from a single gene.  To validate the non-viral gene transfer system, we 
modified the construct of pHGCX containing a CMV promoter in front of multiple cloning sites 
(MCS) by inserting a small CMV intron from pmaxGFP (Amaxa Inc., Gaithersburg, MD) into the 
corresponding sites of SnaB1 and NheI sites of pHGCX to generate a new expression vector driven by 
CMV promoter/intron (Figure 1). We amplified the complete coding sequence of osterix (Osx) from a 
mouse bone cDNA library by polymerase chain reaction (PCR) using specific primers with an 
overhang of Flag sequence at the 5’ end of the forward primer. The PCR product of Flag-Osx was 
cloned into pCR2.1 to generate pCR2.1/Flag-Osx using a TA cloning kit (Invitrogen, Carlsbad, CA). 
The Flag/Osx fusion gene was then released from pCR2.1/Flag-Osx, and subcloned into the BamH1 



 

and XhoI sites of modified pHGCX to generate pHGCX/Flag-Osx that also contains a green 
fluorescence protein (GFP) (Figure 1).   
 

We believe that unlike BAC clone, plasmid DNA can be transferred into bone cells by 
chemical transfection or electroporation. Therefore, we optimized a protocol of “Nucleoporation” 
technique to deliver the transgenes into nuclei of MC3T3-E1 cells, by utilizing a commercial 
“Nucleofection buffer” (Amaxa Inc) and “Gene Pulser” (Biorad).  Briefly, 106 MC3T3-E1 cells were 
resuspended in 100 µl of nucleofector buffer T containing 5 µg of pHGCX/Osx/flag plasmid DNA.  
The cells were then transferred into a 2-mm gap width electroporation cuvette, and electroporated at 
160 V for 20 milliseconds, using a Gene Pulser.  After electroporation, the cells were transferred into 
prewarmed αMEM medium containing 10 % fetal bovine serum, 2 mM L-glutamine, 100 units/ml 
penicillin and 100 µg/ml streptomycin in 6-well plate, and cultured in a humidified 37 0C incubator 
with 5% CO2.  Twenty four hours after transfection, the cells were lysed in a lysis buffer containing 
50 mM Tris-HCl (pH8.0), 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1 x Phosphatase Inhibitor, 
and 1 x Protease Inhibitor cocktail (Sigma, ST. Louis, MO) 24 hours after transfection.  An aliquot of 
30 µg cellular protein was separated on a 10% SDS-polyacrylamide gel and transferred to 
nitrocellulose.  The membrane was incubated at 4 0C overnight in a buffer containing 5% dry skim 
milk, 150 mM NaCl, 50 mM Tris-HCl (pH 8.0), and 0.05% Tween-20.  Immunoblotting was 
performed in the same buffer containing 0.2 µg/ml antibody against Flag (Sigma) or GFP (Santa Cruz, 
CA) at room temperature for 1 hour.  Specific proteins were detected using appropriate secondary 
antibodies and Enhanced Chemiluminescence’s Plus Western blotting detection system (Amersham 
Pharmacia Biotech UK Limited, Buckinghamshire, England). The cells in a parallel plate were 
trypsinized 24 hours post transfection and analyzed by fluorescence-activated cell sorter (FACS) (BD 
Biosciences, San Lose, CA) to assess the transfection efficiency. Another 6-well plate of cells was 
fixed in 0.05% glutaraldehyde for alkaline phosphatase (ALP) staining 3 days after transfection (4).   
 

Our studies demonstrated that twenty-four hours after electroporation, the GFP reporter gene 
was expressed in most of MC3T3-E1 cells transfected with either pHGCX (Fig 2A) or pHGCX/Flag-
Osx (Fig 2B). Flow cytometry analyses revealed more than 94% of the osteoblast cells transfected 
with the pHGCX or the pGHCX/Fla-Osx plasmid expressed GFP (Fig 2C & D).  We have repeated 
the experiments and found that the efficiency of nucleoporation is reliable. The variation in 
transfection efficiency was less than 1%, and the viability of electroporated cells were more than 90%. 
In comparison with our previous data, the efficiency of gene transfer by nucleoporation was 
approximately 10% higher than that of a viral delivery system mediated by a HSV-amplicon in mouse 
preosteoblast cells (5).  The transgene expression of GFP and Flag-Osx was easily detected in the cells 
transfected with pHGCX/Flag-Osx by utilizing Western blot with specific antibodies against Flag and 
GFP (Fig 2E). The pHGCX/Flag-Osx transfected cells expressed high levels of Flag-Osx fusion 
protein. As expected, the Flag-Osx fusion protein was undetectable while the expression of GFP was 
present in the cells transfected with pHGCX (Fig 2E). To assess osteoblast differentiation in the cells 
expressing the Osx transgene, we carried out an ALP staining 3 days after transfection (Fig 3).  
Approximately 20% of the osteoblast cells overexpressing Osx were differentiated and exhibited 
positive ALP-staining (Fig 3A).  In contrast, less than 1% ALP-positive cells were seen in the control 
cells overexpressing GFP only (Fig 3B).  

 
Our studies indicated that non-viral gene transfer of nucleoporation can efficiently deliver 

plasmid DNA directly into the nuclei of preosteoblast cells. The transgene is consistently active and 



 

visible for more than 5 days, although the intensity of the GFP reporter becomes weaker with the 
culture time.  A high level of transgene expression of GFP and Osx in the transfected cells was visual 
as early as 4 hours after electroporation and mediated cell differentiation, validating the application of 
nucleoporation technology for functional studies of candidate genes. Although the protocol provided 
in this study is specific to MC3T3-E1 cells, the system can be applied to other types of cells by 
modifying pulse time, voltage, and nucleofection buffer.  In general, an electroporation with a low-
voltage and prolonged pulse time can be applied to primary cells while a high-voltage and short pulse 
time should be considered for immortalized cell lines. Large cells require a low-voltage pulse.  

In vivo testing of candidate genes in a transgenic mouse is time-consuming and expensive, 
requiring the injection of a DNA fragment into fertilized eggs and the examination of mouse 
phenotypes.  Therefore, it would be more efficient to use in vitro cell models via viral or non-viral 
gene transfer approaches to test candidate gene function before initiating in vivo transgenic studies.  
Although infectious viral transduction medicated by a HSV amplicon provides an alternative 
approach, the intensive work of purifying viral particles and potential contamination of viral particles 
limits its wide use.  The studies provided here demonstrate that cloning the cDNA of an unknown 
gene into the pHGCX expression vector can be accomplished within a week. By utilizing this 
approach, a candidate gene search in a QTL region is cheaper, safer, and faster once an appropriate 
cell model and end points for candidate gene function are determined.  Our data also indicates that it is 
feasible to use the Gene Pulser for nucleofection once the conditions of pulse voltage and time are 
optimized.  In addition, nucleoporation overcomes the limitation of infectious BAC (iBAC) 
technology to allow testing of the genes that iBAC cannot apply (1-3).  In this regard, our data 
demonstrate that nucleoporation in MC3T3-E1 cells can be used as another gene transfer system for 
high throughput screening to identify genes important for osteoblast cell differentiation.   
 

In conclusion, we have successfully established another non-viral gene transfer system for 
functional testing of candidate genes in our QTL regions. We believe that the approaches of viral and 
non-viral transgene delivery are useful for our future studies. 



 

 



 

 



 

 
 
 
 
 
 
 
 
 
 
 



 

Key Research Accomplishments: 
 

• Have validated cost-effective, safer non-viral deliver approaches, and established that the 
expression of coding sequences of candidate gene can compensate for the limitation of 
infectious BAC gene transfer. 

 
 

Reportable Outcomes: 
 

 
1. Xing W, Baylink D, Kappor A and Mohan S. A platform of high-efficiency non-viral gene 

transfer in mouse osteoblast cells in vitro. Molecular Biotechnology 34(1):29-35, 2006 
 
2. Xing W, Baylink D, Kesavan C and Mohan S.  HSV-1 Amplicon-Mediated Transfer of 128-kb 

BMP-2 Genomic Locus Stimulates Osteoblast Differentiation in vitro Biochem Biophys Res 
Commun 319(3): 781-6, 2004 

 
3. Xing W, Baylink D, Kesavan C and Mohan S. Transfer of 128-kb BMP-2 Genomic Locus by 

HSV-Based Infectious BAC Stimulates Osteoblast Differentiation: A Platform for Functional 
Genomic Studies. ASBMR-2004, 19 suppl 1: S150, 2004 

 
 

Conclusions 
 
• We have successfully cloned the complete coding sequence of candidate genes into pHGCX 

expression vector, and deliver the transgenes into osteoblast cells with high efficiency by utilizing 
either viral HSV amplicon system or non-viral “Nucleoporation” approach. 

• The osteoblast cells containing transgenes express high level of proteins for functional studies. 
• Transfer of the coding sequence of candidate genes into bone cells provides an alternative 

approach for functional studies when the infectious BAC technique is not applicable. 
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Project 4: The Application of Transgenic Mice to Assess Gene Function in 
Mechanical Loading and in Bone Fracture Healing Models 
 

Introduction 
 
 Bone formation in response to exercise or injury requires the coordinated interactions of a 
number of molecular pathways of gene expression. However, a more complete understanding of 
gene expression in bone formation and fracture repair requires definitive proof of the functional 
significance of the genes that regulate the molecular pathways. In this regard the analysis of mice 
engineered to be deficient in the expression of a particular gene-of-interest (i.e., knockout mice) 
is especially valuable. The study of knockout mice provides conclusive evidence of the 
functional significance of particular genes in the development and repair of bone. The use of 
knockout mice in studies of bone development and repair will eventually help to elucidate the 
regulation of their molecular regulatory pathways, and suggest therapeutic strategies and gene 
candidates to augment or accelerate bone formation and repair. 
 We have utilized knockout mice to determine the effect the absence of expression a particular 
gene of interest has on bone formation in response to mechanical loading and in fracture repair. 
Not only will the examination of bone formation and repair characterize the functional effects of 
the knockout gene deficiency in each case, but subsequent examination of the expression of other 
genes in these knockout mouse tissues will help to define the regulatory networks that modulate 
the observed knockout phenotype. Ultimately, this approach will further the understanding of 
gene regulation in skeletal tissues and suggest additional gene candidates for therapeutic 
alternatives in bone formation and healing.  

 
Body 

Technical Objectives 
 
Our original Technical Objectives were as follows:  

 
Technical Objective 1: The functional significance of a gene of interest on bone formation 

will be identified by characterizing the skeletal phenotype in mice deficient in that gene (i.e., 
knockout mice) in response to mechanical loading of the bone by exercise. 

Our Specific Objectives were as follows: 
1. to complete the identification of phenotypic differences between 3 strains of knockout mice 

and wild-type control mice by peripheral quantitative computed tomography (pQCT), micro-
CT measurements, histological examination and molecular marker expression of the bone 
response to mechanical loading. 
The Specific Objectives for this continued reporting period is listed below. (see 12-month 
timeline #1, serpine and #3, #4 and #5 for Ephrin B-1, and 3-month timeline #2 for Ephrin B-
1, below).  

2. to apply microarray technology to study gene expression in the loaded bones of the one strain 
of knockout mice that exhibited the greatest phenotypic differences in bone response to 
mechanical loading. 
 



 

Technical Objective 2: The functional significance of a gene of interest on bone formation in 
response to injury will be identified by characterizing the skeletal phenotype in mice deficient in 
that gene (i.e., knockout mice) during fracture healing. 
  
Our Specific Objectives for fracture repair were as follows: 
1. to complete the identification of phenotypic differences between 3 strains of knockout mice 

and wild-type control mice by X-ray examination, pQCT measurements, micro-CT 
measurements and histological examination of the fracture callus tissues (see the timeline for 
12-month period #2 serpine, below). 

2. to apply microarray technology to study gene expression in the fracture tissues of the one 
strain of knockout mice that exhibited the greatest phenotypic differences in fracture healing. 
This analysis continues from the previous reporting period. 

 
Timelines 
Our specific objectives during the first 12 months of this continuation grant period are as 
follows: 

1) To characterize the skeletal phenotype of mice lacking plasminogen activator/inhibitor 
gene (serpine) and corresponding control mice by using PIXImus, PQCT and histology. 

2) To introduce femoral fracture in the knockout and control mice and evaluate new bone 
formation by pQCT at different times after initiation of fracture. We will initiate 
histology studies to identify the cell types that are affected in the knockout mice during 
fracture repair. 

3) To obtain breeding pairs of loxP Ephrin-B1 mice from our collaborator, Dr. Philippe 
Soriano at Fred Hutchinson Cancer Center, Seattle and establish a colony. 

4) Breed loxP Ephrin-B1 mice with type I collagen cre mice to generate cre positive loxP 
homozygous experimental and cre negative loxP homozygous control mice. 

5) To characterize the skeletal phenotype of mice lacking Ephrin-B1 specifically in 
osteoblasts using PIXImus, pQCT and histology. 

 
Our objectives during the final 3 months of the continuation grant are as follows: 

1) To complete histology studies in mice lacking plasminogen activator/inhibitor and 
control mice  

2) To evaluate the effects of four point bending in Ephrin-B1 conditional knockout mice. 
 



 

B. Description of  
Knockout Mouse Strains 

 To obtain direct experimental evidence to evaluate functional importance of candidate genes in 
fracture repair and mechanical loading, we have proposed to use transgenic mouse models lacking a gene 
of interest. The rationale for focusing on knockout mouse models for functional studies is based on 
widely accepted view in the scientific community that knockout mouse models represent an ideal system 
for conclusively demonstrating the functional significance of a gene of interest. 
 
Table 1. Knockout (KO) Mice with Phenotypes for Mechanical Loading and Fracture Studies  
Gene JAX1 Stock # Genotype2 Phenotype 
 
Leptin 0632 B6-Lep ob  NIDDM, obese, delayed wound healing 
 
Bax 2994 B6.129X1-bax tm1Sjk  delayed apoptosis, organ defects (gonads) 
 
Serpine 2507 B6.129S2-Serpine1tm1Mlg/J enhanced wound healing, fibrinolysis 
 
Ephrin B-1 None B6.loxP Ephrin-B1 regulator of osteoblast cell functions 
                                                             
1: JAX, The Jackson Labs 
2: The wild-type control strain genotype is C57BL/6 (B6). 
 
a) Leptin Knockout (Obese, ob/ob) Mice: 

Leptin, a 16 kDa protein, expressed predominantly in adipose tissue, functions as a hormone 
that keeps the brain apprised of the amount of body fat and regulates carbohydrate metabolism 
(4). This mouse is also a model for non-insulin dependent (NIDDM, Type 2) diabetes (Table 1). 
Other functions related to bone formation include: 

i) Stimulating osteoblastic differentiation and mineralization of bone matrix (5). 
ii) Stimulating the development of the periosteal envelope in growing bone (6). 

iii) Bone formation increases by peripheral leptin administration and decreases by third 
ventricle leptin infusion in ob/ob mice (7). The systemic versus local effects of leptin on 
the fat and bone cell lineages are not well characterized, though osteoblasts do have 
leptin-specific receptors (8). 

The heterozygous ob/ob knockout breeder mice were purchased from the Jackson Labs and 
bred in our animal facility. Because of the character of recessive inheritance, only ¼ of pups 
were expected to be homozygous. The homozygous mice were identified by both the obese 
phenotype and PCR-based genotyping for the ob mutation.  
 
b) Bax Knockout Mice: 

Bax, the Bcl-2-associated X protein and a member of the Bcl-2 protein family, binds to Bcl-2 
to form a heterodimeric complex. It functions to oppose Bcl-2 and promote apoptosis. The 
Bax/Bcl-2 ratio controls the apoptosis frequency in each cell (reviewed in 9). Both genes are 
expressed in cartilage and bone cells in the rat. Apoptosis has a major impact on skeletal 
development and remodeling, and is essential for the elimination of osteoblasts during skeletal 
development. The frequency of osteoblast apoptosis controls osteoblast lifespan and bone 
formation during the postnatal life (10). 



Heterozygous breeder mice were purchased from the Jackson Labs and bred in our animal 
facility. These mice display a lymphoid hyperplasia and male germ cell death due to Bax 
deficiency (11). Only ¼ of all pups were expected to be homozygous mice, and all mice were 
identified by PCR-based genotyping for the Bax gene deletion. There is no obvious Bax mouse 
phenotype.  
 
c) Serpine Knockout Mice: 
      The fibrinolytic system has been claimed to play a very important role in a variety of 
biological phenomena and wound healing, such as maintenance of vascular patency, 
inflammation, embryogenesis, angiogenesis and tissue remodeling processes. Activation of 
plasminogen by tissue-type plasminogen activator (t-PA) is believed to be required for these 
functions. However, specific plasminogen activator inhibitor (PAI-1; Protease Nexin-1, PN-1) 
appears to be the primary physiological inhibitor for this fibrinolytic system. Theoretically, the 
removal of PAI-1 should result in more or faster plasminogen activation and enhance the process 
of fibrin-specific clot lysis, promoting healing after fracture or other tissue injury (reviewed in 
12). 
     Homozygous breeder mice (PAI-1 deficiency), in which the Serpine-1 gene is disrupted (1), 
were purchased from the Jackson Labs and bred in our animal facility.  The homozygous mutants 
have a mild hyperfibrinolytic state but normal hemostasis. There is no obvious serpine knockout 
mouse phenotype. The genotype of all breeders and pups was identified by PCR-based 
genotyping for the serpine-1 gene deletion. 
 
d)  LoxP-Ephrin B-1 (Conditional) Knockout Mice: 

In our continuation studies, we have chosen to identify the role a new genes, Ephrin B-1, in 
fracture repair and mechanical loading. We have chosen Ephrin B-1 since this gene is 
differentially expressed in bone in response to four-point bending, and since Eph-ephrin 
signaling has been implicated in the regulation of many critical events during development in a 
number of tissues including bone (2). Specifically, disruption of Ephrin-B1 resulted in perinatal 
lethality associated with a range of skeletal phenotypes including abnormal skeletal patterning 
(3). We propose to conditionally disrupt Ephrin B-1 in osteoblasts and evaluate its role in bone 
formation in response to mechanical loading. Such conditional knockouts are generated when the 
LoxP-Ephrin B-1 gene is established in an animal and bred to an animal with a combination of a 
promoter from a gene of interest (in our case a bone-specific collagen) and Cre, an endonuclease 
that excises sequences between Loxp sites. In this way the activation of the collagen promoter in 
bone expresses Cre and results in the tissue-specific excision of Ephrin B-1 gene with LoxP. This 
conditional knockout technique is well refined and produces tissue (i.e., bone)-specific 
knockouts, yet avoids the pre-, peri- and post-natal mortality and morbidity that often accompany 
more conventional, global gene knockout approaches. 
 
 
C.  Progress on Technical Objectives 
Technical Objective 1: 

Mechanical loading determines both the mechanical density and the architecture of bone.  In 
this study, we used knockout mice to identify and characterize the functional effects of exercise-
induced bone formation in mice deficient for a gene-of-interest previously implicated in bone 
growth or development, or in wound healing (Table 1, “Leptin”, “Bax”, “Serpine” and “Ephrin 



 

B-1” knockout, or KO, mice). The phenotypic response to mechanical loading in the leptin KO 
mouse was correlated to pQCT and molecular measurements of bone formation.   
 
Specific Objective 1: to complete the identification of phenotypic differences between 3 strains 
of knockout mice and wild-type control mice by peripheral quantitative computed tomography 
(pQCT), micro-CT measurements, histological examination and molecular marker expression of 
the bone response to mechanical loading. 
The Ephrin B-1 knockout mouse strain was examined for fracture healing during the 12-month 
continuation period, when the Specific Objectives are: 
1) To obtain breeding pairs of loxP Ephrin-B1 mice from our collaborator, Dr. Philippe Soriano 

at Fred Hutchinson Cancer Center, Seattle and establish a colony. 
2) Breed loxP Ephrin-B1 mice with type I collagen cre mice to generate cre positive loxP 

homozygous experimental and cre negative loxP homozygous control mice. 
3) To characterize the skeletal phenotype of mice lacking Ephrin-B1 specifically in osteoblasts 

using PIXImus, pQCT and histology. 
The Ephrin B-1 knockout mouse strain was also examined during the final 3-month continuation 
period, when the third Specific Objective of that period is: 
3) To evaluate the effects of four point bending in Ephrin-B1 conditional knockout mice. 
 
Findings 
 
Leptin Knockout Mice: 

As reported previously, when the loading routine is normalized for bone size, the absence of 
leptin expression does indeed affect the cortical and total bone mineral content and bone mineral 
density in response to mechanical loading.  

These differences were too subtle to be observed by an examination of the bone histology 
and histomorphometry. Micro-CT measurements were not attempted, both because of the 
success of the pQCT measurements and the lack of availability of the micro-CT instrument.  
 
Bax Knockout Mice: 
  There were statistically significant differences in the response of only very few of the bone 
parameters in the Bax knockout mice as compared to the wild-type control mice applied at 6N 
loading and described in the previous reporting period. By pQCT measurements, however, the 
leptin knockout mice produced a more dramatic response to mechanical loading and were chosen 
for microarray analysis of gene expression induced by mechanical loading. 
 
Serpine Knockout Mice: 
 The serpine mouse mechanical loading study has suffered from delayed purchasing and 
breeding. This portion of work for this strain is being transferred to the potentially very 
interesting Ephrin B-1 knockout mouse. It is expected to be conducted during the next 12 
months. 
 
Ephrin B-1 Knockout Mice: 

We have received a breeding pair of EphrinB-1 loxp mice whose exons 2-5 of the EphrinB-1 
gene were flanked by loxp sites from Dr. Philippe Soriano at Fred Hutchinson Cancer Center, 
Seattle (2) and started to expand the breeding of this transgenic loxp mouse line. To generate 



 

osteoblast-specific conditional knockout mice, we first crossed homozygous EphrinB-1/loxp 
females with B6 males that express Cre recombinase under the control of type 1-alpha-2 collagen 
promoter to generate Cre positive EphrinB-1/loxp hemizygous males. We then bred the 
homozygous loxp females with Cre positive loxp hemizygous males to generate Cre positive 
homozygous/hemizygous loxp mice and Cre negative homozygous/hemizygous loxp mice for 
our experiments. The Cre positive loxp mice will be used as experimental mice for bone fracture 
and mechanical loading and the Cre-negative loxp mice from the same litter will be set up as 
control mice.  

Mice carrying the conditional allele of EphrinB-1 are genotyped by PCR on tail DNA using 
the following primers: 5’-tggccttacacccgcttaag-3, 5’-agcagtggggtagtgactacc-3’. The PCR product 
of loxp is 500 base pairs, and the PCR product of wild-type allele of EphrinB-1 is 250 base pairs. 
We expected to generate Cre positive loxp homozygous females (25%), Cre negative loxp 
homozygous females (25%), Cre positive loxp hemizygous males (25%) and Cre negative loxp 
hemizygous males (25%) from the above breeding scheme. 

Unfortunately, our preliminary data of breeding showed that lease than 5% of pups were Cre-
positive loxp homozygous females. Therefore, we hypothesize that some of the Cre positive 
homozygous females may die prior to birth because of X chromosome-linked mutation of 
EphrinB-1 gene. We will examine this possibility in our future studies. At this time this breeding 
problem has prevented the completion of the Specific Objective. 

In the interim, we are expanding the EphrinB-1 osteoblast-specific knock out mouse line. 
Once we have enough numbers of experimental knock out mice and corresponding control mice, 
we will characterize the skeletal phenotypes by using PIXImus, pQCT and histology. We will 
perform four-point bending analysis in We will perform four-point bending in conditional 
knockout mice once we have enough numbers of EphrinB-1 knockout mice (10 weeks old, males 
and females). Microarray examination of gene expression in EphrinB-1 knockout mice and 
control mice can then follow successful mechanical loading analysis. 
 
Specific Objective 2: to apply microarray technology to study gene expression in the loaded 
bones of the one strain of knockout mice that exhibited the greatest phenotypic differences in 
bone response to mechanical loading. 

 
This Specific Objective was completed for the leptin knockout mice. The analysis is ongoing, 

and preliminary summary of the numbers of genes in leptin mice exhibiting statistically 
significant differences in response to loading is presented below (Table 2). 



 

 
Table 2. Gene Counts: Leptin KO Loading Microarray Gene Swap 

  
Dyes Total Genes 
  All 2-fold difference 
  Up Down Total Up Down Total 
Cy5 1013 128 1141 141 55 196 
Cy3 Swap 497 312 810 105 65 170 
  
Dyes Known Genes 
  All 2-fold difference 
  Up Down Total Up Down Total 
Cy5 905 82 987 98 29 127 
Cy3 Swap 443 275 719 74 47 121 
  
Dyes Unknown Genes 
  All 2-fold difference 
  Up Down Total Up Down Total 
Cy5 108 46 154 43 26 69 
Cy3 Swap 54 37 91 31 18 49 
  
n=5, 3 females, 2 males 

 
Up to approximately 1000 known and unknown genes displayed changes in gene expression 

in response to mechanical loading. In this regard, the unknown genes are of particular interest, as 
they comprised approximately 10% of the total number of genes with expression changes and 
suggest a complex regulation of bone formation. The accuracy of the measurement was checked 
using the “dye swap” approach and seems to provide similar data in each case, but especially for 
the genes with greater than 2-fold changes in expression. The Cy3 analysis did seem to be less 
sensitive, however.  

The microarray analysis continues, but this strain presents challenges in procedures due to 
sensitivity to anesthesia produced by its obesity. Moreover, the interpretation of gene expression 
is complicated by the diabetes that accompanies such weight gain. The phenotypic analysis of 
the leptin KO mouse strain provided valuable information. As reported below, the phenotypic 
analysis of the mechanical loading data revealed sex-related differences in bone size that were 
pursued in a study that was recently concluded. The microarray data in the male and female 
mouse tibias that underwent mechanical loading will be examined separately to attempt to 
identify sex-specific molecular markers of bone formation in this bone. Additionally, the 
mechanical loading analysis in the Ephrin B-1 KO mouse will be undertaken and microarray 
analysis of bone formation genes conducted should the phenotypic results suggest that this gene 
affects loading. 

 
Additional Findings in Leptin Knockout Mice: 
 During the analysis of the leptin KO mouse phenotype, sex-related differences in the size of 
the femur were observed that were not observed in the tibias during the mechanical loading 
analysis. Androgen action is primarily anabolic, while the estrogens act mainly through the 
suppression of resorption. Because the sex hormones are influenced by body fat accumulation 



 

and distribution (reviewed in 19), these findings suggest interactions with regulators of body fat, 
such as leptin. A study of this connection between sex-related bone size in leptin KO and wild-
type mice was pursued. The initial results reported previously, but only recently completed. This 
entire study represents an important description of sex-specific differences in bone size and is in 
addition to that described in the original Technical Objectives. 
 The initial phenotypic comparison of body weight, total body fat and total lean body mass 
was performed on male and female mice at 10 weeks of age. Each study group contained at least 
12 animals and was described in a previous report. 

Bone parameters in male and female mice were compared at 12 weeks of age (Figure 1). The 
midpoint of the femoral diaphysis was analyzed by peripheral quantitative computerized 
tomography (pQCT). The periosteal circumference (PC), endosteal circumference (EC), total 
bone mineral density (BMD), total bone mineral content (BMC) and polar moment of inertia 
(MOI) using an analysis threshold of 630-630. pQCT measurements of the trabecular (marrow) 
bone area used an analysis threshold of 570-214. Each study group contained more than 11 
animals. These thresholds were designed to provide the most accurate size measurements.  

The MOI is an important addition to these measurements (Figure 1F), as it estimates the 
adaptive bone formation around the axis of the bone that might be expected in an obese subject 
such as the leptin knockout mouse (12). Because the polar moment of inertia was not 
significantly different in the leptin KO mice and the female wild-type mice, we conclude that the 
sex-specific differences in bone formation were not caused by a response to the increased load in 
the obese subjects. In summary, male leptin knockout mice displayed reductions in several 
parameters of bone size; the exception was the femur lengths, which were the not significantly 
different between males and females of either strain. Leptin deficiency appeared to cause a sex-
specific reduction in bone size. 

To more conclusively demonstrate that the differences in bone size in leptin KO mice sex-
related, pre-pubertal male and female leptin KO mice were compared to pre-pubertal wild-type 
mice to determine whether these effects could be observed in the absence of the sex hormones. 
The reductions in the bone size in adult male leptin KO mice would not be expected in immature 
mice prior to the onset of puberty and sex hormone function. In this case, the pQCT parameters 
were adjusted to 150-300 to detect the less mineralized bone of such young animals. As can be 
seen in Figure 2, the body weight (A) and total lean body mass (C) were not significantly 
different in leptin KO mice versus their wild-type counterparts, though the body fat (B) was 
increased in both genders of the leptin KO mice, even at this early time. 

An examination of the bone parameters in the pre-pubertal mice was then conducted in the 
pre-pubertal leptin KO and wild-type mice (Figure 3). There were no significant differences in 
any of the bone size parameters examined in the leptin KO and wild-type males or females prior 
to sexual maturity. This observation indicates that the observed reductions in the femur size in 
the adult male leptin KO mice were indeed influenced by sex hormone function. 

 



 

 
Figure 1. Summary of the phenotypic comparison of femurs from male and female leptin 
knockout (KO) and C57BL/6 wild-type mice. The addition of the polar moment of inertia data 
(F) to the previous measurements of (A) length, (B) PC, (C) EC, (D) TA and (E) total BMC 
completes the comparison of the sex differences for this bone. The other measurements were 
described in the previous reporting period. Values are expressed as mean +/- Standard Error of 
the Mean (SEM). Statistical analysis was performed by two-way ANOVA with a post-hoc 
Newman-Kuels Test. Differences were deemed significant at p<0.05. 



 

                
 
Figure 2. Phenotypic comparison of body characteristics in pre-pubertal male and female leptin 
knockout (KO) and C57BL/6 wild-type mice, (A) body weight, (B) total body fat and (C) total 
lean body mass. Values are expressed as mean +/- Standard Error of the Mean (SEM).  
 



 

 
Figure 3. Summary of the phenotypic comparison of femurs from pre-pubertal male and pre-
pubertal female leptin knockout (KO) and C57BL/6 wild-type mice. The measurements 
determined were those of the 10-week-old mice, (A) length, (B) PC, (C) EC, (D) TA, (E) total 
BMC and (F) polar moment of inertia. Values are expressed as mean +/- Standard Error of the 
Mean (SEM). Statistical analysis was performed by two-way ANOVA with a post-hoc Newman-
Kuels Test. Differences were deemed significant if p<0.05. 
 
 
 



 

Gender-specific differences in bone mass and size are suggestive of sex steroid hormone 
functions in bone metabolism (13). To determine whether a reduction in androgen levels might 
explain the effect of leptin deficiency on bone size, the circulatory levels of androgen and 
estrogen in male and female leptin knockout mice were more rigorously examined than in the 
previous report. In this case, each study group contained more than 18 animals and both 
testosterone and estradiol were measured in both males and females. As before, mouse sera were 
collected from the retro-orbital venous plexus under general anesthesia, and serum testosterone 
and estradiol were determined using the respective 125Iodine radioimmunoassay (RIA) kits. 

 

 
Figure 4. Comparison of serum sex hormone levels in leptin knockout (KO) and C57BL/6 wild-
type male and female mice. This extension of the previous report examined each sex hormone in 
each gender of both strains (A) testosterone, (B) estradiol. Values are expressed as mean +/- 
Standard Error of the Mean (SEM). Statistical analysis was performed by two-way ANOVA with 
a post-hoc Newman-Kuels Test. Differences were deemed significant at p<0.05. 
                
 The serum testosterone levels in male leptin knockout mice were compared to C57BL/6 
wild-type mice in the previous report and indicated that the loss of sex-specific characteristics in 
the body phenotype and bone parameters could not be attributed to a reduction in testosterone 
levels, but possibly to a defect in testosterone signaling (Figure 4). Estradiol levels were 
significantly higher in leptin knockout female mice, but the similarities in the body 
characteristics and femoral bone parameters between the C57BL/6 and leptin knockout female 
mice suggest that the effects observed in males were not estrogen-related. 

 We then examined androgen receptor expression in the leptin knockout mouse to determine 
whether androgen signaling is defective in the absence of leptin. As measured by real-time RT-
PCR, we could find no significant differences in androgen receptor expression between male 
leptin knockout mice and male C57BL/6 wild-type mouse periosteal cells in response to 
testosterone stimulation in vitro. This observation remained the same, despite examining several 
different genes linked to testosterone function. A list of the testosterone genes examined is 
presented in Table 3. 
  
 
 
                   
  



 

Table 3. Androgen-responsive gene expression examined in response to testosterone 
stimulation of male leptin KO and wild-type periosteal cells in vitro 

        
Androgen-Responsive Gene 

        
TFAM-A   CAMKKB   XORF43  
RAB-7   NCL   SARG  
NKX-3.1   SynSTK   SYTL4  
HMG-20B   SIAH-BP   NGFRAP1 
EAR-2   KIAA0830   Clusterin  
BTG-1   BCOR     
        

  
 We conclude that leptin deficiency in the male mouse resulted in a loss of several sex-
specific differences in bone size that might be attributable to androgen effects on bone formation. 
These results contrast with previous studies that have established that leptin affects on bone 
formation, but have not evaluated sex differences (14). However, the molecular pathway remains 
difficult to elucidate, probably because of cross-talk between the components of the various 
intracellular signaling pathways, including the sex hormone and leptin pathways. Because of 
obvious implications for the interactions of bone size, obesity and sex hormone effects, we will 
continue to investigate this phenomenon in leptin knockout mice, especially with respect to 
androgen signal transduction. 
 
 
Technical Objective 2: 

The functional significance of a knockout gene of interest in fracture repair has been studied 
by a comparison of femur fracture healing in knockout mice deficient in that gene with wild-type 
control mice. The three knockout mouse strains examined were the Leptin KO, Bax KO and 
Serpine KO mice (Table 1). A description of each knockout mouse, the relevance of the 
phenotype to bone formation in mechanical loading and fracture repair and the results of our 
breeding program are provided (above). 

Bone formation was measured following healing intervals that have been determined to 
provide characteristic landmarks of fracture callus maturation in initial experiments in wild-type 
mice. The phenotypic response to fracture healing in the particular strain of knockout mouse was 
correlated to X-ray and molecular measurements of bone formation and histologic examination 
of the fracture tissues. These measurements were used to determine whether the knockout gene-
of-interest was functionally significant in fracture healing, and which fracture tissues were 
affected by the absence of its expression.  
 
Specific Objective 1: to complete the identification of phenotypic differences between 3 strains 
of knockout mice and wild-type control mice by X-ray examination, pQCT measurements, 
micro-CT measurements and histological examination of the fracture callus tissues. This Specific 
Objective is the completion of the fracture studies undertaken in Bax knockout mice. 
The Serpine (PAI-1) knockout mouse strain was examined for fracture healing during the 12-
month continuation period, when the Specific Objectives are: 
1) To characterize the skeletal phenotype of mice lacking plasminogen activator/inhibitor gene 

(serpine) and corresponding control mice by using PIXImus, PQCT and histology. 



 

2) To introduce femoral fracture in the knockout and control mice and evaluate new bone 
formation by pQCT at different times after initiation of fracture. We will initiate histology 
studies to identify the cell types that are affected in the knockout mice during fracture repair. 

  
The Serpine (PAI-1) knockout mouse strain was also examined for fracture healing during the 
final 3-month continuation period, when the fourth Specific Objective is: 
4) To complete histology studies in mice lacking plasminogen activator/inhibitor and control 

mice  
 
 An extensive analysis of the phenotype of the serpine KO skeleton was performed through a 
pQCT comparison the femurs with wild-type femurs. In each case male mice were examined. 
This approach was adopted instead of the PIXImus and histology examinations because we have 
extensive experience with femur measurements with respect in the leptin KO mouse, and data 
can be most easily used to interpret the phenotype in the fracture repair model. Analysis was 
performed at the midshaft fracture scan (pQCT slice 5) under thresholds that rigorously identify 
the cortical bone (630-630). The results of the serpine KO bone phenotype analysis that 
completed this Specific Objective are presented below. 
 
Findings 
Serpine Knockout Mice: 
 An  examination of several parameters of the femoral cortical bone revealed significant 
differences in the size of serpine KO mice versus wild-type mice. Specifically, the periosteal and 
endosteal circumferences were smaller in the serpine KO mice (Figure 5). The length of the bone 
was also less in the serpine KO mice (Figure 5), which is consistent with an overall size 
reduction and not merely a reduction in circumference in a femur of the same length as the wild-
type femur. 
  

                   
Figure 5. Comparison of femur dimensions in male serpine KO and wild-type mice. Cortical 
bone pQCT thresholds (630-630) were compared at a mishaft scan (slice 5). Periosteal 
circumference (PC), endosteal circumference (EC) and femur length were compared in 12 
serpine KO and 6 wild-type mice. Data is presented as the mean +/- standard error of the mean. 
Statistics were performed by t-Test. 
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 An examination of the bone mineral content and the area also revealed significant reductions 
in the serpine KO femur (Figure 6). These results indicate that the mineral content and the area it 
occupies are lower in serpine KO femurs and consistent with a smaller bone as suggested by the 
bone circumference measurements (Figure 4). 
 
 
                      
   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Comparison of femur cortical bone mineral content (BMC) and cortical area in male 
serpine KO and wild-type mice. Cortical bone pQCT thresholds (630-630) were compared at a 
mishaft scan (slice 5). BMC and area were compared in 12 serpine KO and 6 wild-type mice. 
Data is presented as the mean +/- standard error of the mean. Statistics were performed by t-Test. 
 
 An examination of the bone mineral density under these same pQCT thresholds revealed no 
significant difference between the serpine KO and wild-type mice (Figure 7). The bone mineral 
density measurement is consistent the bone mineral content of the serpine KO mice (Figure 7) in 
a smaller bone, as first suggested in the serpine KO femur circumference measurements (Figure 
4). 
 

 
Figure 7. Comparison of femur cortical bone mineral density (BMD) in male serpine KO and 
wild-type mice. Cortical bone pQCT thresholds (630-630) were compared at a mishaft scan 
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(slice 5). BMD was compared in 12 serpine KO and 6 wild-type mice. Data is presented as the 
mean +/- standard error of the mean. NS, no significant difference. 
 An examination of the cortical polar moment of inertia (a measure of the mineralized cortical 
bone around the bone axis and an indicator of the torsional strength of the femur (Figure 8) 
confirms that the serpine mice have a smaller femur that might affect interpretations of native 
bone strength, as well as fracture healing. This is a critical observation, as this gene is important 
in extracellular matrix aspects of wound healing.          
 

                  
Figure 8. Comparison of femur cortical bone polar moment of inertia (MOI) in male serpine KO 
and wild-type mice. Cortical bone pQCT thresholds (630-630) were compared at a mishaft scan 
(slice 5). Polar MOI was compared in 12 serpine KO and 6 wild-type mice. Data is presented as 
the mean +/- standard error of the mean. Statistics were performed by t-Test. 
 
  
Ephrin B-1 Knockout Mice 

Ephrin B-1 KO mice await the acquisition of sufficient numbers of mice to complete the 
phenotypic examination, as well as the mechanical loading analysis. This problem has not 
allowed us to complete the Specific Objective at this time. 
 
Technical Objective 2: 
Specific Objective 1: to complete the identification of phenotypic differences between 3 strains 
of knockout mice and wild-type control mice by X-ray examination, pQCT measurements, 
micro-CT measurements and histological examination of the fracture callus tissues. This Specific 
Objective is the completion of the fracture studies undertaken in Bax knockout mice. 
The Serpine (PAI-1) knockout mouse strain was examined for fracture healing during the 12-
month continuation period, when the Specific Objectives are: 
3) To characterize the skeletal phenotype of mice lacking plasminogen activator/inhibitor gene 

(serpine) and corresponding control mice by using PIXImus, PQCT and histology. 
4) To introduce femoral fracture in the knockout and control mice and evaluate new bone 

formation by pQCT at different times after initiation of fracture. We will initiate histology 
studies to identify the cell types that are affected in the knockout mice during fracture repair. 
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The Serpine (PAI-1) knockout mouse strain was also examined for fracture healing during the 
final 3-month continuation period, when the fourth Specific Objective is: 
5) To complete histology studies in mice lacking plasminogen activator/inhibitor and control 

mice  
 

The femur fracture model that was developed in the first year of this study was again applied 
to the Serpine knockout mouse strain and the C57BL/6 wild-type control strain. As described 
previously, an intramedullary pin was surgically implanted in the femur prior to fracture and the 
skin incision closed. A diaphyseal fracture was produced by the three-point bending technique 
(15). This procedure produced fractures that were consistently transverse and midshaft, and 
provided a uniform basis for the comparison of the differences in fracture healing between wild-
type and knockout mice.  
 The development of the fracture callus during healing was examined by X-ray, pQCT and 
histology methods. X-ray images were examined and evaluated for fracture callus size and for 
any evidence of improved or impaired bridging of the fracture callus; such bridging is referred to 
as “bony union” and is the hallmark of endochondral bone healing. For the analysis of callus 
development by pQCT, it was necessary to adapt the pQCT parameters to quantify soft and hard 
tissues of the maturing fracture callus. We therefore scanned the bone at high resolution 1 mm 
intervals along the length of the fracture callus. The thresholds of the pQCT analysis were 
adjusted so that only the lower density (noncortical) bone or soft tissue was measured. The 
values at each 1 mm scan interval were integrated to quantify the bone mineral content of the 
entire fracture callus. In this way we used pQCT data to analyze the development of the soft and 
hard callus and identify differences between wild-type (normal) and knockout (altered) healing 
in mice. The pQCT parameters and their threshold settings used to quantify the fracture callus 
were the: 
1) bone mineral content (BMC) of the lower density fracture callus and intramedullary bone, at 

threshold 214-570, a measurement of the bone in the fracture callus, excluding the cortical 
bone. 

2) cross-sectional area of the lower density fracture callus and intramedullary bone (TA), at 
threshold 214-570, a measurement of the cross-sectional area of the bony fracture callus, 
excluding the cortical bone. 

3) cross-sectional area of the soft tissue and lower density fracture callus and intramedullary 
bone, at threshold 0-570, a measurement of the cross-sectional area of all bony and soft tissue 
of the fracture callus, excluding the cortical bone. 

 Because the C57BL/6 is the background strain on which all of these knockout mouse strains 
have been developed, the same C57BL/6 mice served as controls for the X-ray and pQCT 
analysis of all 3 knockout mouse strains. Statistical analysis was performed by least significant 
analysis test, and deemed significant at p<0.05.  Micro-CT measurements were not attempted 
because of the unavailability of the micro-CT instrument; a micro-CT instrument is being 
acquired by our research group, and several fracture samples have been prepared from the leptin 
knockout, Bax knockout and serpine knockout at 14 days post-fracture and stored in preparation 
for analysis. 
 



 

Findings 
 
Serpine Knockout Mice: 
 The serpine knockout mouse fracture study was completed in the previous 12 months. The 
fracture callus was examined by pQCT as described above. Several parameters were compared 
by pQCT for interpretation. Groups of 6 animals were examined for each strain at each post-
fracture healing interval. 
 Interestingly, the serpine KO mice displayed a significant increase in fracture bone mineral 
content at 14 and 28 days healing, but not at the intervening 21 day time (figure 9). These results 
suggest that the influence on fracture healing by serpine (PAI-1) is complex and might involve 
different regulatory processes.  
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Bone mineral content after femoral fracture in male Serpine KO and C57BL/6 wild-
type control mice. The bone mineral content of the fracture callus was significantly different at 
14 and 21 days healing. Six mice from each strain were examined at each time. Data is presented 
as mean +/- SEM. Statistics were performed by t-Test. NS, no significant difference. 
 
 Measurements of the area of the lower density trabecular-type bone confirm the bone mineral 
content measurements, in that the area of callus bone is significantly greater only at 14 and 28 
days healing (Figure 10). These results indicate that the bony component of the fracture callus is 
significantly larger at these times, but, as the bone mineral content (Figure 9) and the callus bone 
area have both increased, the bone mineral density has not. We have confirmed this observation 
using pQCT measurements of the fracture callus bone mineral density, which is not significantly 
different between mouse strains (data not shown). 
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Figure 10. Area of trabecular-type bone (TA) after femoral fracture in male Serpine KO and 
C57BL/6 wild-type control mice. The bone mineral content of the fracture callus was 
significantly different at 14 and 21 days healing. Six mice from each strain were examined at 
each time. Data is presented as mean +/- SEM. Statistics were performed by t-Test. NS, no 
significant difference. 
 
 To determine whether serpine gene expression affects the total callus size (i.e., the bony 
callus and the soft callus components) the fracture callus was examined by pQCT using 
measurement thresholds that exclude the cortical bone. These results are shown in Figure 11, and 
demonstrate that the size of the serpine KO fracture callus was greater at 14 and 28 days healing; 
the greater difference at 14 days was no doubt due to a much greater quantity of soft callus tissue 
than that normally observed at this time. Most of the soft tissue has been replaced by bony callus 
at 28 days, when the difference between mouse strains in much smaller and barely significant.  
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Figure 11 Area of soft tissue and trabecular-type bone (i.e., all non-cortical callus components) 
after femoral fracture in male Serpine KO and C57BL/6 wild-type control mice. Six mice from 
each strain were examined at each time. Data is presented as mean +/- SEM. Statistics were 
performed by t-Test. NS, no significant difference. 
 
 The effects of impaired serpine expression that were manifested at 2 different post-fracture 
healing times confirm the qualitative X-ray observations from the previous report, and we have 
pursued an analysis of the 14 day interval because the difference is quite large and expected to 
produce observable results by other histology techniques. An examination of the fracture callus 
cartilage at this time has also revealed large changes in the fracture callus at this time. Figure 
12shows a view of the fracture cartilage for the entire callus at 14 days post-fracture, and 
qualitatively demonstrates that the fracture cartilage appears to make a large contribution to the 
serpine callus (Figure 12) at this time.   
 

                   
                 
Figure 12 gobal view of the fracture callus comparing cartilage formation at 14 days in (A) wild-
type and (B) serpine KO mice. The cartilage stains red by Safranin-Orange, and the non-cartilage 
components stain with the methyl green counterstain. Scale bar = 2 mm. 
 
 



 

 
 Quantification of the cartilage by histomorphometric analysis of Safranin-Orange stains 
(Figure 13) was performed to confirm the qualitative observations in Figure 12. In this case, 
duplicate sections were collected from more than 3 fracture calluses from each strain of mouse 
and measured at 7, 14 and 21 days. The duplicate sections were not adjacent to one another and 
therefore more representative as they are derived from different areas of the fracture callus. It 
was found that the serpine KO fracture calluses had significantly more cartilage than their wild-
type counterparts at 14 days (and close to significance at the other times), and that this difference 
was quite large. These results suggest that serpine gene expression is an important regulator of 
fracture chondrogenesis at 14 days healing.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Histomorphometric analysis of the cartilage area in wild-type and serpine KO mice 
during fracture healing. More than 3 different fractures were measured for each mouse strain, 
and duplicate sections were counted; each of the duplicates was taken from a different plane of 
the callus and the measurements are representative of different areas of the callus. Data is 
presented as mean +/- standard error of the mean. Statistics were performed by t-Test. 
 
 A higher magnification examination of the serpine KO fracture histology at 14 days post-
fracture using a conventional stain again shows the cartilage when compared to the wild-type 
fracture at the same time (Figure 14). However, the serpine KO fractures also exhibit a layer of 
bone immediately under the periosteum that is not typical of the normal pattern of callus 
cartilage conversion to bone that eventually produces the bony union of healing observed in 
wild-type mice. This cartilage turnover at this time is highly suggestive of some molecular 
pathway that more efficiently mineralizes the cartilage at the perimeter of the fracture callus. It 
was also evident in the global view of cartilage formation in Figure 14. While we have no 
explanation for this observation at this time, we intend to investigate this aspect of serpine KO 
fracture healing further using in vitro techniques.  
 
 
 
 

Percentage of cartilage  in callus area between B6 
and Serpine mice

0
10
20
30
40
50
60

7 14 21

Days after fracture

%
 o

f c
ar

til
ag

e 
ar

ea

B6 n=3-5
Serpine n=4

p=0.06 p=0.0003

p=0.08



 

 
 

                                          
 
Figure 14. Hematoxylin and eosin stain of fracture callus sections at 14 days healing. (A) 
C57BL/6 wild-type control mouse, (B) serpine KO mouse. The cortical bone (cb), cartilage (c), 
fracture (f) and periosteum (p) are visible in each panel. More cartilage is visible in the serpine 
KO fracture, and callus bone has developed under the periosteum, a pattern seen also in Figure 
10 (B) and one that is not typical of wild-type fracture healing. (A) was presented in a previous 
report as the control section for comparison to Bax KO and leptin KO fracture healing at this 
time. Scale bar = 0.50 mm. 
 
 The pattern of fracture healing that produces bone around the perimeter of the fracture callus 
cartilage is suggestive of enhanced callus strength. We therefore examined the strength of the 
serpine fracture callus at 14 days post-fracture by torsional mechanical testing. An analysis of 
fracture strength in comparison to wild-type mice reveals that the serpine KO calluses displayed 
a higher ultimate force to failure than their wild-type counterparts (Figure 15). In this case, the 
ultimate force from each fracture was normalized to that obtained from torsional testing of the 
unfractured contralateral femur from each animal, and presented as the percentage fractured 
force versus unfractured force for each animal. This approach accounted for the smaller size of 
the serpine KO femurs observed in the Specific Objective for this continuation period. Therefore, 
not only does serpine gene expression regulate the type of the fracture callus tissues, it also 
regulates the normal pattern of callus development that produces a stronger fracture callus even 
at 14 days post-fracture, a very early time in bony callus tissue development. It is probable that 
the absence of the serpine (PAI-1) inhibition of the plasminogen activators has accelerated 
cartilage replacement with bone at the perimeter, and the mechanism of this action certainly 
warrants further investigation. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Torsional mechanical testing of male serpine KO and wild-type mice at 14 days post-
fracture. Nine wild-type and 6 serpine KO mice were examined. Data is presented as mean +/- 
SEM. Statistics were performed by t-Test. 
 
 In summary, the serpine KO fracture healing analysis has yielded interesting results that 
might have significant implications for fracture therapy. With the exception of the micro-CT 
analysis, we have completed the Specific Objectives for the analysis of fracture repair in this 
mouse strain. We have produced serpine KO and wild-type mouse fractures, harvested the 
fractured femurs and stored them for analysis by micro-CT when our research group obtains the 
instrument. We nevertheless intend to follow these studies with additional investigations. 
 
Bax Knockout Mice 

To date, more than 30 homozygous mice at the age of 12 weeks have been used for fracture 
repair study and analyzed by X-ray and pQCT. These results were presented in the previous 
report, but because a close examination of the Bax KO mice fracture results revealed changes in 
fracture bone mineral content, trabecular-type bone area and total non-cortical callus area 
produced significant increases in each parameter at both the 14 and 28 day post-fracture 
intervals, the analysis has continued. This analysis uses both histology and molecular techniques 
to attempt to elucidate the mechanism for the apparently complex Bax gene regulation of healing 
that produced the enhanced fracture callus bone mineral content and trabecular-type bone area in 
Bax KO fractures at both 14 and 28 days.  
 Initially, we attempted to visualize the apoptotic phenotype of the Bax cells in the fracture 
callus histology. This study was undertaken to determine whether Bax-mediated apoptosis was 
operative in the fracture. Figure 13 shows the results of TUNEL staining of the fracture callus at 
14 days post-fracture, when the greatest effects Bax gene deficiency were observed in fracture 
healing by pQCT. Because the original description of this model determined apoptosis to occur 
primarily in the bone marrow, we examined intramedullary bone marrow cells in the fracture 
callus, as well as fracture cartilage, where apoptosis would be expected to be important. There 
were no significant differences in apoptotic cells of fractured femurs between Bax KO and B6 
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control mice. To explain the bigger callus and more BMC in Bax KO mice, we are examining 
the cartilage area change in both fractured femur from healing day 7 to 28 by Safranin-O stain 
and histomorphometric quantification. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. TUNEL assay for apoptosis on sections of fractured femurs in Bax KO mice and B6 
control mice at 14 days post-fracture. Five fractures were analyzed from Bax and wild-type mice. 
Multiple sections were examined for each fracture. Callus intramedullary bone marrow (BM) 
cells and callus cartilage cells were examined. Data is presented as mean number of TUNEL-
positive cells per field +/- standard error of the mean. Statistics were performed by t-Test. NS, no 
significant difference. 
 
 The results of the TUNEL Assay comparison in Bax KO and wild-type fractures at 14 days 
post-fracture indicate that there are very few apoptotic cells per field and the frequency of 
apoptosis is very low (Figure 16). The original description of these mice required a challenge to 
elicit a measurable apoptotic response in the bone marrow, so it is possible that Bax-mediated 
apoptosis does not affect fracture repair; rather Bax might act directly on the fracture callus at 14 
and 28 days through proliferative effects. 

 To further attempt to relate Bax gene regulation of fracture histology, we quantified the 
area of fracture cartilage relative to the total cartilage area, as was done in the serpine KO mice. 
Histomorphometry was used to evaluate the Safranin-Orange-stained cartilage. In Figure 17, it 
can be seen that the cartilage area was significantly greater in Bax KO mice at 7 (approximately 
3-fold) and 14 days post-fracture (approximately 2-fold), and almost negligible at 21 and 28 
days. Cartilage cell density measurements (the number of cells/area) were found not to be 
significantly different between the two strains (data not shown). This observation suggests that 
the larger cartilage area is not caused through an increase in cell proliferation, but that the 
absence of Bax gene expression might increase bone formation and reduce bone remodeling 
through other mechanisms. The observation that Bax expression produces a larger fracture callus 
early in fracture healing (14 days), and late in fracture healing (28 days) but not at the time 
between these two post-fracture times suggests that Bax might have different functions during 
early and later fracture repair. The absence of observable apoptosis given such differences in the 
fracture callus bone and cartilage is difficult to interpret, however.  
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Figure 18. Histomorphometric analysis of the cartilage area in wild-type and Bax KO mice 
during fracture healing. Between 4 and 6 different fractures were measured for each mouse 
strain, and duplicate sections were counted; each of the duplicates was taken from a different 
plane of the callus and the measurements are representative of different areas of the callus. Data 
is presented as mean +/- standard error of the mean. Statistics were performed by t-Test. 

 
Osteoclast number and activity also play an important role in bone healing, in particular 

through bone remodeling. To examine this problem, we determined identified osteoclasts in the 
fracture callus through staining by tartrate-resistant acid phosphatase (TRAP). Figure 18 
compares TRAP staining in wild-type fractures at 28 days healing with Bax KO fractures at 28 
days healing. It appears that the Bax KO mouse fractures have more osteoclasts in the fracture 
tissue. 
 The numbers of osteoclasts were counted from TRAP-stained sections from Bax KO and 
wild-type fractures at weakly intervals during healing, from 7 through 28 days. In Figure 19, it 
can be seen that the osteoclast number is significantly greater in Bax KO fractures than the wild-
type fractures at both 21 days (approximately 20 per mm versus 15 per mm) and at 28 days 
(approximately 15 per mm versus 10 per mm). The increased number of osteoclasts at these later 
healing times is consistent with an increased resorption of the callus that might be required to 
remove much of the larger callus from 14 days healing. This might explain the larger callus at 28 
days healing, but not at 14 days healing. Though we have not yet identified the effect of Bax 
expression at to two different times of fracture healing, we will continue to examine Bax KO 
fracture histology. 
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Figure 18. TRAP stain of fracture callus sections at 14 days healing. (A) C57BL/6 wild-type 
control mouse, (B) Bax KO mouse. The cortical bone (cb) and periosteum (p) are visible in each 
panel, and the fracture site is outside the lower left of each panel. More osteoclasts are visible in 
panel, and the fracture site is outside the lower left of each panel. More osteoclasts are visible in 
Bax KO fracture. Scale bar = 0.50 mm. 

 
Figure 19. Histologic determination of the numbers of fracture callus osteoclasts in wild-type and 
Bax KO mice during healing. Between 3 and 7 different fractures were measured for each mouse 
strain, and multiple sections were counted; each of the duplicates was taken from a different 
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plane of the callus and the measurements are representative of different areas of the callus. Data 
is presented as mean +/- standard error of the mean. Statistics were performed by t-Test. 
In summary: 
1) Bax knockout mouse fractures developed more cartilage during early fracture healing. 
2) The additional cartilage area in the Bax knockout mouse callus is not due to augmented cell 

proliferation and number, but a difference of cell size that might be expected during 
chondrocyte maturation.  

3) There are more osteoclasts on the callus trabecular-type bone surface in the callus of Bax 
knockout mice at a later healing stage, consistent with enhanced remodeling. 

4) No significant difference in apoptotic cells was found between Bax knockout and B6 control 
mice as had been expected. This result is quite interesting and implies that Bax gene 
expression is redundant or that Bax might have other functions in wound healing. 

 With the exception of the micro-CT analysis, we completed the Specific Objective for the 
analysis of fracture healing in the Bax knockout mice. Additionally, we have extended the 
histologic analysis of Bax KO fracture repair to cartilage and osteoclast determinations that have 
yielded more information. As our micro-CT becomes available, we will analyze Bax femur 
fractures that we have prepared and stored. 

 
Leptin Knockout Mice 
 As previously reported, at no time during fracture healing did the leptin knockout mice 
display any significant changes in the bone content or cross-sectional area of the bony tissue or 
total tissue. The leptin knockout mice also display additional conditions, such as diabetes, that 
contributed to fracture healing. This portion of the technical Objective was achieved, except for 
the micro-CT examination. Our research group is expecting micro-CT instrumentation shortly, 
and as it becomes available, leptin knockout fracture calluses at 14 days post-fracture that we 
have harvested and stored will be examined to obtain a higher resolution measurement of 
healing. These results will also be examined in light of the sex-specific differences in unfractured 
femur size observed in these mice and discussed above. 
 
 
Specific Objective 2: to apply microarray technology to study gene expression in the fracture 
tissues of the one strain of knockout mice that exhibited the greatest phenotypic differences in 
fracture healing. 
 Microarray analysis provides a powerful tool for the characterization of global gene 
expression in fracture repair (16). This study used whole genome microarray gene analysis to 
identify the genes expressed in fracture repair of the Bax knockout mouse femur at 14 days 
healing, when the pQCT data indicated, and subsequent histology data confirmed, that the Bax 
knockout fracture callus displays altered healing as compared to the wild-type C57BL/6 wild-
type control. The repertoire of expressed genes regulating Bax KO healing would be expected to 
differ greatly from controls at this time, so the 14 day fracture callus was chosen for an analysis 
of global gene expression in fracture repair. 

 Total RNA was compared by microarray analysis of 14 day fracture calluses from 5 
individual male Bax knockout mice and 5 individual C57BL/6 knockout mice. The individual 
pairs of samples were hybridized and analyzed separately. The RNA from each fracture callus 
was labeled with Cy3 or Cy5 dye and hybridized to our in-house mouse gene chip that contained 
approximately 28,000 unique mouse gene targets. Analysis was performed using (Agilent) 



 

Genespring software and changes in expression between the Bax knockout fracture callus and 
the C57BL/6 callus deemed significant at p<0.05. During this reporting period we have 
confirmed the expression of several gene candidates by real-time PCR, to confirm the previous 
X-ray and current histology observations of Bax KO fracture cartilage development and to 
elucidate the regulatory pathways of Bax KO fracture healing. For these purposes, real-time PCR 
analysis of gene expression was compared in RNA preparations from healing Bax KO and wild-
type fractures at 14 days post-fracture, as well as at 7 days post-fracture, prior to the observed 
histology but when the genes that regulate the pathways that produce the observed effects should 
be expressed. 

Findings:    
 The previous report described the numbers of genes expressed and the Bax-related (i.e., 
mitochondrial apoptosis) genes expressed as determined by microarray analysis. Briefly, 5,458 
genes displayed significant changes in expression, of which approximately 15% were unknown 
genes or expressed sequence tags (ESTs). These results indicate that Bax effects on fracture 
repair are complex and that many of the regulating genes remain to be elucidated. Surprisingly, 
approximately equal numbers of known and unknown genes were up-regulated and down-
regulated, possibly a result Bax-related interactions with other molecular pathways of fracture 
repair. 

 Surprisingly, real-time PCR confirmations of Bax-related gene expression from the 
microarray data were successful, yet they failed to define changes in the mitochondrial apoptotic 
pathway that would compensate for Bax gene deficiency and produce the observed effects on 
fracture healing when the expected reduction in apoptosis was not observed. This study 
examined the Bcl-2 and Bcl-XL ratios that might be expected to be altered in response to Bax 
deficiency and restore the balance in apoptosis. Likewise, the expression several other mediators 
of mitochondrial apoptosis, among them Bad, Bak, Bok, could not explain the apparent lack of 
Bax deficiency on fracture apoptosis. An exception was the up-regulated expression of Biklk 
(Bik-like), another mitochondrial apoptotic regulator that binds and inhibits both Bcl-2 and Bcl-
XL (17); Biklk was confirmed by real-time PCR to be up-regulated approximately 2-fold, 
suggesting that its expression compensated for the absence of Bax in promoting apoptosis and 
reduced the severity of the Bax knockout phenotype and its effect on fracture healing. 

 The examination of the genes regulated was therefore extended to several other categories of 
genes that might be expected to affect: 
(1) fracture chondrogenesis, the major effect that was observed 
(2) cell proliferation versus differentiation 
 The microarray data has been categorized and tabulated to facilitate the examination of genes 
related several processes and is presented in Appendix A: 
Appendix A1: structural genes 
Appendix A2: apoptosis genes 
Appendix A3: cartilage regulation genes 
Appendix A4: transcription factor genes 
Appendix A5: other genes 



 

 Real-time PCR measurements compared Bax KO mouse fracture gene expression to 
C57BL/6 (wild-type) mouse fracture gene expression. Initially, cartilage-related gene expression 
was examined at 7 days, during early chondrogenesis and at 14 days, during later 
chondrogenesis, and when the differences in Bax gene healing were observed by pQCT and 
histology. The collagen genes Col 2α1, a marker for prehypertrophic chondrocytes, Col9α1, a 
marker for all chondrocytes, and Col10α1, a marker for hypertrophic chondrocytes were 
examined to determine the degree of cartilage development. The chondrocyte regulatory genes 
identified with slight differences in expression in the microarray analysis at 14 days were also 
examined. These genes included Sox-6, Frizzled (Fzd) and Max binding inhibition transcription 
factor (Mitf). 
 The results are presented below for the 7 day post-fracture measurements (Figure 20). In this 
convention, greater gene expression is identified as a greater negative difference in cycle number 
when normalized to the housekeeping gene. It was found that Col 2α1 and Col9α1 gene 
expression was up-regulated in the Bax fracture callus at 7 days healing. None of the other genes, 
including Col10α1, displayed significant differences in expression from the wild-type fractures. 
These results are consistent with an accumulation of prehypertrophic chondrocytes in early 
chondrogenesis in the Bax KO that mature to hypertrophy at the same rate as the wild-type 
chondrocytes in later chondrogenesis. The 14 day post-fracture gene expression data revealed no 
significant differences between mouse strains in the expression of these genes (data not shown). 
It appears that by this later time that some regulatory event has compensated for the uncoupled 
early chondrogenesis and hypertrophy.   
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Figure 20. Real-time PCR analysis of cartilage gene expression in wild-type and Bax KO mice at 
7 days post-fracture. RNA from between 4 or 6 different fractures were measured for each mouse 
strain. Data is presented as mean +/- standard deviation. Greater gene expression is identified as 
a greater negative difference in cycle number (∆Ct) relative to the cyclophilin housekeeping 
gene, defined as zero ∆Ct. Statistics were performed by t-Test. The collagen structural genes are 
Col2α1, Col9α1 and Col10α1. The collagen regulatory genes are Sox-6, Frizzled (Fzd) and Max 
binding inhibition transcription factor (Mitf). NS, no significant difference. 
 
 



 

 To further characterize Bax KO fracture cartilage development, gene expression was 
measured in Bax KO and wild-type fracture calluses at 7 days and 14 days post-fracture. These 
studies attempted to identify possible interactions that balance cartilage proliferation, maturation 
and apoptosis. They included genes that might regulate p53 control pathways of proliferation and 
apoptosis (p53, p21, Inhibitor of Apoptosis-2, IAP-2; 18) cartilage condensation (Sox-9) and 
hypoxia (Hypoxia-inducible Factor-1α, HIF-1α; 19). Preliminary results in the few genes that 
have been examined to date are presented below; the comparison of gene expression between the 
Bax KO and wild-type mouse strains is presented below in Figure 21 (7 days post-fracture) and 
Figure 20 (14 days post-fracture). 
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Figure 21. Real-time PCR analysis of cartilage gene expression in wild-type and Bax KO mice at 
7 days post-fracture. RNA from 3 different fractures was measured for each mouse strain. Data is 
presented as mean +/- standard deviation. Greater gene expression is identified as a greater 
negative difference in cycle number (∆Ct) relative to the cyclophilin housekeeping gene, defined 
as zero ∆Ct. Statistics were performed by t-Test. HIF-1α, hypoxia-inducible factor; NS, no 
significant difference. 
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Figure 22. Real-time PCR analysis of cartilage gene expression in wild-type and Bax KO mice at 
7 days post-fracture. RNA from between 3 different fractures was measured for each mouse 
strain. Data is presented as mean +/- standard deviation. Greater gene expression is identified as 
a greater negative difference in cycle number (∆Ct) relative to the cyclophilin housekeeping 
gene, defined as zero ∆Ct. Statistics were performed by t-Test. HIF-1α, hypoxia-inducible 
factor; IAP-2, Inhibitor of Apoptosis-2; NS, no significant difference. 



 

 
 In Figure 22, it can be seen that the Sox-9 and p53 gene expression affects early (7 day) 
fracture callus development; Sox-9 is an early marker for chondrogenesis, while p53 might 
regulate a balance between cell proliferation and apoptotic regulatory pathways. Both markers 
reveal increased expression in Bax KO mice. None of the other markers at this time show 
significant differences in expression between Bax KO and wild-type fractures. This observation 
is interpreted as a greater degree of chondrocyte differentiation, and, by extension, a greater 
cartilage development. By 14 days post-fracture, HIF-1α, a component of the apoptotic 
regulatory pathway, displays increased expression in the Bax KO mice (Figure 20), suggesting 
that hypoxia-induced apoptosis might regulate Bax KO cartilage development and help to 
balance the initial bias toward a cartilage increase at 7 days and resolve the fracture callus. These 
effects at 14 days post-fracture might operate in concert with resorption at this time. However, 
further study of additional Bax-related genes is required to more thoroughly characterize gene 
expression and resolve the observed effects on Bax KO fracture repair. 
 

Key Research Accomplishments: 
1) Analysis of the response to mechanical loading for two knockout strains of mice (leptin and 

Bax) has been completed. 
a) The microarray analysis of molecular regulation of the loaded leptin knockout bones has 

suggested novel gene candidates for is currently underway. 
b) Additionally, we have obtained and are attempting to generate sufficient numbers of the 

Ephrin B-1 knockout mouse strain to perform this analysis and complete this study for 
the third knockout strain of mouse. 

2) Two of proposed knockout strains of mice (the Bax knockout and serpine knockout) have 
been phenotypically analyzed by the fracture repair model. 
a) The analysis of the serpine knockout mice strain suggests that serpine-1 (plasminogen 

activator inhibitor, PAI-1) regulates cartilage formation in the fracture callus 
development and bone size during normal bone growth. 

b) The histological analysis of the Bax knockout mouse has been extended to more fully 
characterize the observed effect on fracture repair. The analysis of the regulatory 
pathways of gene expression identified by the microarray analysis has also been extended 
to better characterize several categories of genes that regulate chondrocyte proliferation 
and maturation, in addition to the apoptotic gene candidates. 

 
 

Reportable Outcomes: 
 
Manuscript: 
1.   Wang, X., C.H. Rundle, J. Wergedal, A. Srivastava, S. Mohan and K.H-W. Lau (2007) Loss 

of sex-specific difference in femoral bone parameters in male leptin knockout mice. 
Provisionally accepted for publication by Calcified Tissue International. 

 
Conclusions: 

1) The development and optimization the mechanical loading model of bone formation and the 
femur fracture model of bone repair in knockout mice allowed the analysis of the functional 
significance of genes of interest for bone formation in each case. 



 

2) X-ray and pQCT analysis suggests that leptin influences bone formation in mechanical 
loading. Microarray data suggest that the molecular regulation of bone formation in 
mechanical loading is complex. 

3) pQCT and serum sex steroid analysis suggests that leptin also influences the acquisition of 
bone size in males through sex hormone-related effects. 

4) X-ray, pQCT, and histological analysis of fracture healing suggests that serpine-1 
(plasminogen activator inhibitor, PAI-1) regulates components of the plasminogen axis of 
extracellular matrix development critical not only to fracture cartilage development, but also 
the size parameters of normal bone development. 

5) X-ray, pQCT and histological analysis of fracture healing suggest that Bax expression 
influences fracture callus cartilage development and bone remodeling. Microarray analysis of 
fracture healing at 14 days post-fracture suggests that Bax regulation of fracture 
chondrogenesis is complex and not directly affected by Bax regulation of mitochondrial 
apoptosis, but that interacting pathways of proliferation and differentiation might ultimately 
produce the observed effects in Bax knockout fractures. 
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B. GENE THERAPY PROJECTS 
Project 6: Systemic Gene Therapy For The Skeleton 
 

Introduction 
 

For this project, we propose to develop and test the efficacy of a mouse model for systemic gene 
therapy for massive skeletal tissue damage by means of hematopoietic stem cells (HSC) 
transplant.  For this model, we will determine the skeletal marrow tissue and non-skeletal sites of 
engraftment, the quantity of short-term and long-term bone formation achieved, and the effect of 
the age of the recipient mice on the bone formation response. To our knowledge, our studies will 
be the first to use transplantation of transduced HSCs to deliver gene therapy to induce bone 
formation.  These studies will focus on the induction of bone formation for massive skeletal 
injury.  However, there is  evidence that HSCs have the plasticity to regenerate other tissue 
types.  Therefore, a successful HSCs-delivered gene therapy strategy for bone injury could be 
adapted to treat other damaged tissues, such as skin and muscle that are likely to be sustained 
along with massive skeletal injury, by the insertion of tissue-specific promoters to drive the 
therapeutic gene.  
 

Body 
 
1. Technical Objectives 
Our specific objectives for the third 12 months were to continue and complete engraftment 
studies and explore mechanistic questions regarding our gene therapy murine model. 
Technical Objective 1: To complete studies to determine the skeletal marrow and non-skeletal 
sites of engraftment in recipient mice after transplant with donor HSCs, we will 
a) Transplant GFP-expressing HSCs derived from transgenic mice into myelosuppressed 

recipient mice and assess the short-term (8 weeks), mid-term (6 months) and long-term 
engraftment (1 year) in the skeletal marrow and non-skeletal sites.  Engraftment efficiencies 
will be quantitated by measuring the percentage of GFP-expressing cells in the peripheral 
blood and bone marrow of the recipient mice using flow cytometry.   

b) Assess the pluripotent ability of the engrafted donor cells to produce mature hematopoietic 
lineages (T-cell, B-cell, neutophil/granulocyte/monocyte and erythroid) by using lineage-
specific immunostaining and FACs analysis of the recipients’ peripheral blood. 

c) Detect donor cells in non-skeletal tissues by frozen sectioning of the bone, heart, lungs, liver 
and spleen of the recipients and fluorescent microscopic observation.   

Technical Objective 2: To complete studies to assess and quantitate the short-term and long-term 
bone formation achieved in mice following transplantation with HSCs transduced to express a 
growth factor gene we will:  
a) Transduce HSC-enriched cells with an HIV-based vector expressing the BMP 2/4 gene under 

the control of the CMV promoter.  Transgene expression will be assessed using 
immunohistochemical staining of the transduced cell cultures and Western blot analysis of 
the conditioned media 

b) Transplant the transduced donor cells via tail vein into myelosuppressed recipient mice and 
evaluate bone formation after 8 weeks, 6 months and 10 months.  Bone formation will be 
evaluated by measuring serum osteocalcin and alkaline phosphatase.  Bone density and 



 

cortical thickness in the host animals will also be assessed by faxitron X-ray and pQCT 
analysis. 

 
NOTE:  Technical Objective 3 revision approved in June, 2005.   
Revised Technical Objective 3: To explore the possible mechanism(s) for why transplantation of 
HSC-enriched cells transduced to express BMP4 did not induce bone formation as expected. 
a. To determine if silencing of the BMP2/4 transgene occurs we will, transplant donor HSCs 

transduced to express BMP 2/4 (or marker control gene) into myelosuppressed recipient mice 
and evaluate transgene expression at 8 weeks and 6 months post transplant.  Transgene 
expression will be evaluated by real time RT-PCR in RNA extracts and PCR in DNA 
extracts  

b. To determine if BMP2/4 interferes with engraftment of HSCs, we will transduce Sca-1+ cells 
to express BMP 2/4 (or marker control gene) and transplant at 4 cell doses (500, 5000, 
50,000 or 500,000 cells/recipient) into myelosuppressed recipient mice and evaluate 
engraftment at 4, 6, 8, 10 and 16 weeks. 

c. To determine if BMP2/4 induces Sca-1+ cell differentiation into hematopoietic lineages, we 
will transduce Sca-1+ cells to express BMP 2/4 (or marker control gene) and transplant at 4 
cell doses (500, 5000, 50,000 or 500,000 cells/recipient) into myelosuppressed recipient mice 
and evaluate the percentage of various hematopoietic lineages (T-lymphocytes, B-
lymphocytes, monocytes and erythroid) at 4, 6, 8, 10 and 16 weeks. Hematopoietic lineage 
will be assessed by immunostaining and FACs analysis. 
 
 
2. Progress on Technical Objectives  
 

Objective 1a: To transplant GFP-expressing HSCs derived from transgenic mice into 
myelosuppressed recipient mice and assess the short-term (8 weeks), mid-term (6 months) 
and long-term (1 year) engraftment in the skeletal marrow and non-skeletal sites.  The Sca-
1 molecule has been implicated as a marker for hematopoietic stem cell (HSCs).  In year 1, 
HSCs isolated from TgN-GFP donor mice were transplanted into recipient mice, and skeletal 
marrow and non-skeletal sites were analyzed for engraftment at various time points post-
transplant.  The donor TgN mouse is a transgenic strain transduced to produce the GFP marker 
gene.  Use of this donor strain allows for the tracking of donor cells in vivo after transplantation.  
     In year 2, we repeated experiments and confirmed our results from the first year.  In addition, 
we improved our gene therapy strategy by using a retro-orbital intravenous injection method for 
delivering the transduced stem cells rather than using the tail vein injection method.  With the 
retro-orbital injection, mice are briefly anesthetized with isofluorane and injected by inserting a 
needle into the retro-orbital plexus and injecting the sterile cell preparation.  With this method 
we have improved our transplantation success rate from approximately 37% to nearly 100%.  In 
addition, the variation of the engraftment using the retro-orbital injection technique was 
significantly reduced, as evidenced by a 3- to 4-fold decrease in experimental coefficient of 
variance compared to the tail vein method.  The retroorbital injection method is relatively safe to 
the host, as none of the mice injected by retroorbital injection have suffered adverse effects to 
their eyes and, in most experiments, no animal was lost due to anesthesia or other complication.   
 



 

Objective 1b: Assess the pluripotent ability of the engrafted donor cells to produce mature 
hematopoietic lineages (T-cell, B-cell, neutophil/granulocyte/monocyte and erythroid) by 
using lineage-specific immunostaining and FACs analysis of the recipients’ peripheral 
blood.    Experiments were performed in year 1 and repeat experiments to confirm results were 
initiated in year 2 and completed in year 3.  We have assessed the ability of the engrafted donor 
cells to produce mature hematopoietic lineages using lineage-specific immunostaining and FACs 
analysis of the recipients’ peripheral blood.  For these experiments, whole bone marrow cells 
from TgN (GFP+) mice were harvested by flushing tibiae and femurs with PBS using a 26g 
needle and syringe.  Erythrocytes were removed by osmotic lysis using a solution of 155 mM 
NH4Cl, 10mM KHCO3 and 110µM Na2EDTA, followed by rinsing with PBS.  After osmotic 
depletion of erythrocytes (RBC-lyzed), the cell preparation was enriched for Sca-1 cells by 
incubating the cells with Sca-1 specific antibody-magnetic microbead conjugates. The mixture 
was then applied to an automated magnetic separation column (AutoMacs) according to 
manufacturer instructions.  This procedure resulted in 19-fold enrichment in Sca-1+ cells.  The 
enriched cells were transplanted into sublethally irradiated recipient W41/W41 mice.  At 5 
months post transplantation, recipient peripheral blood was collected and erythrocytes were 
removed by osmotic lysis.  The mononuclear fraction was assessed by immunostaining for 
expression of hematopoietic lineage surface markers and measured by FACs analysis.  For this 
analysis, PE-fluorochrome conjugated antibodies specific for hematopoietic lineage were 
incubated for 30 minutes in separate tubes with the mononuclear cell fraction from each recipient 
mice.  For T-lymphocytes (T-cells) lineage, a mixture of CD3-, CD4e-, and CD8a-specific 
antibodies was used.  For granulocytes/monocytes/macrophages, a mixture of Mac-1- and Gr-1-
specific antibodies was use.  For B-lymphocytes (B-cells), a B220-specific antibody was use and 
for erythroid lineage cells, a Ter-119-specific antibody was used.   After incubation the cells 
were rinsed once and resuspended in PBS and % PE positive cells were assessed by FACs 
analysis.  Parallel tubes were processed using PE-conjugated isotype non-specific antibodies and 
FACs results were adjusted to account for non-specific binding.  In addition, the total 
engraftment (%GFP positive cells) was assessed.  Table 1 shows the mean ± SD for each cell 
lineage type in mice transplanted with Sca-1+ cells 5 months after transplantation. Cells that 
were PE+ and GFP+ were of donor origin, while cells that were PE+ but GFP– were considered 
of recipient host origin. No significant difference in contribution of T-lymphocyte lineage was 
observed between host (14.7%) and donor (11.8%) origin. In contrast, donor cells contributed a 
larger percentage than host cells to the macrophage-monocyte-neutrophil lineage (22.9 vs. 6.9%; 
p < 0.001) and B lymphocytes (22.9 vs. 6.9%; p < 0.01). The erythroid hematopoietic 
compartment was made up exclusively of cells of donor origin. These results are comparable 
with the relative distribution of cells of hematopoietic lineage in peripheral blood of control mice 
reported by Morel et al. (Hematologic recovery in mice transplanted with bone marrow stem 
cells expressing anti-human immunodeficiency virus genes.  Human Gene Ther. 10:2779-2787, 
1999). Morel reported for control mice:  Gr1+ (granulocytes) ~17% , Mac1+ (macrophages) 
~26%,B220 (b-cells) ~ 55% and CD3+ (t-cells ~22%) Thus, the results indicate that our Sca-1+ 
cell transplantation strategy leads to multilineage hematopoietic cell engraftment. 
 
TABLE 1 
    Total % PE+ 

mean (st.dev.) 
% PE+ & GFP-  

 mean (st. dev.) 
% PE+ & GFP+ 
mean (st.dev.) 

T-cells 19.4 (5.8) 14.7 (3.0) 11.8 (4.4) ns 



 

Mac/Mono/Gr 32.2 (25.7) 6.9 (3.5)  22.9 (5.8) ** 

B-cells  21.4 (6.7) 11.6 (5.2) 22.9 (7.2) * 

Erythroid 4.8 (3.8) Non-detectable  5.4 (2.8)  

 
 

Table 1:  Independent t-test comparisons of % PE+ & GFP- (host) vs. % PE+ & GFP+ (donor): 
NS = non-significant, * p< 0.01, ** p<0.001, St. Dev. = Standard Deviation of Mean.  Results 
are shown as mean ± SD. For this analysis, W41/W41 mice were transplanted with GFP-
expressing Sca-1 cells isolated from TgN-GFP mice. Five months after transplantation, 
erythrocyte-lyzed cells from recipient mice were incubated with PE-conjugated antibodies 
specific to various hematopoietic lineages: T lymphocytes (T-cells), macrophages, monocytes 
and granulocytes (Mac/Mono/Gr), B lymphocytes (B-cells) and  erythroid lineage cells.  The 
percentage of each hematopoietic cell lineage in peripheral cells was determined with a 
FACSCalibur System. Cells positive for PE but negative for GFP were considered of recipient 
host origin, while cells positive for PE and positive for GFP were considered of donor.   



Objective 1c: To determine the skeletal marrow and non-skeletal sites of engraftment in 
recipient mice after transplant with donor HSCs, we will assess the presence of donor cells 
in non-skeletal tissues will be accomplished by frozen sectioning of the heart, lungs, liver 
and spleen of the recipients and fluorescent microscopic observation.  Experiments were 
performed in year 1 and initiated in year 2 to assess the presence of donor cells in non-skeletal 
tissues.  Over the past year, the heart, lungs, liver, kidneys, spleen and bone marrow cavities of 
the recipients mice transplanted with Sca-1+ enriched cells from TgN (GFP+) mice were 
harvested 6 months post transplantation.  Tissue specimen were prepared by frozen sectioning 
and examined for the presence of GFP+ donor by fluorescent microscopy.   Frozen sectioning of 
bone tissue revealed severe autofluorscence from the surface of the bony tissues in both control 
and GFP-transplanted mice.  Due to this technical difficulty valid comparisons could not be 
made.  However, FACs analysis of the bone marrow of the GFP-transplanted mice indicated that 
30-50% of the bone marrow cells in the recipients were GFP+, indicating that Sca-1+ cells of 
donor origin are capable of homing and establishing long term engraftment in the bone marrow 
cavity of the recipients.  Small numbers of GFP+ cells (~1-2 cells per 10x magnification field) 
were observed within the blood vessels of the heart, lungs, liver and kidneys of the recipient 
mice.  However, no donor-derived cells were observed in the parenchymal tissue of these organs, 
suggesting that no significant engraftment of donor Sca-1+ cells occurs in these tissues.  In 
contrast, as seen in Figure 1, increased GFP fluorescence was observed in the spleens of GFP+ 
cell transplanted recipients (right panel) compared to nontransplanted control mice (left panel).  
These data suggest that intravenously injected donor cells home and engraft within the spleen 
and represent a potential for unwanted side effects.  However, recent studies have demonstrated 
that the degree of spleen engraftment after transplantation can be vastly lowered by infusing cells 
from donors of an age different that that of the recipient. (Liang, et. al., Effects of aging on the 
homing and engraftment of murine hematopoietic stem and progenitor cells, Blood  2005, Vol. 
106, No. 4, pp. 1479-1487).   Nevertheless, our results indicate that future studies evaluating the 
safety of hematopoietic stem cell-delivered gene therapies will require the assessment of effects 
on the spleen as well as the targeted tissues. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 1:  Photomicrographs of frozen sections (5µm thickness) of the 
spleens from a representative non-transplanted W41/W41 control mouse 
(left panel) and a representative mouse injected 6 months prior with 
hematopoietic stem cell enriched cells from a GFP+ donor mouse.  



 

Technical Objective 2: To assess and quantitate the short-term and long-term bone 
formation achieved in mice following transplantation with HSCs transduced to express a 
growth factor gene. 
a. Transduce HSC-enriched cells with an HIV-based vector expressing the BMP 2/4 gene 

under the control of the CMV promoter.   
b. Transplant transduced donor cells via tail vein into myelosuppressed recipient mice and 

evaluate bone formation after 8 weeks, 6 months and 10 months.  In year 1 and 2, we 
performed the experiments described in Objective 2.   Sca-1+ cells were transduced to 
express the BMP4 transgene and transplanted into recipient mice.  As previously reported 
this strategy did not result in large increases in bone formation as expected. Briefly, Sca-1+ 
cells from TgN donor mice were transduced with either a marker gene (b-gal) or BMP2/4 
transgene lentiviral based vectors and transplanted preconditioned W41/W41 recipient mice.  
At several time points post-transplant, engraftment was assessed and after 6 months bone 
formation parameters were measured in the two groups.  No significant differences in 
engraftment levels between the groups was observed at any time point.  Serum skeletal 
alkaline phosphatase (AP), a bone formation biochemical indicator was measured.  Serum 
AP levels were elevated in the BMP2/4-treated group (32 U/ml) compared to the control 
group (29 U/ml), but this difference did not reach statistical significance. Bone formation 
parameters (total bone mineral density (BMD), trabecular BMD, cortical BMD, cortical 
thickness, endosteal circumference or periosteal circumference) of femurs from the mice 
were also determined.  No significant differences were observed in total BMD or endosteal 
circumference between the BMP2/4-transplanted mice and controls.  Trabecular BMD was 
significantly increased (p < 0.05) in mice in the BMP2/4 treatment group compared to 
control mice (0.312 mg/cm3 vs. 0.266 mg/cm3, respectively).  These data suggested that 
overexpression of the BMP2/4 transgene increased trabecular BMD levels compared to 
controls. Furthermore, although not statistically significant, the BMP2/4 mice had higher 
serum AP, total BMD and smaller endosteal circumference.  We acknowledge that these 
results should be interpreted with caution.  Results from experiments performed in year 1, 
showed no significant differences in bone formation parameters between controls and 
BMP2/4-treated mice.  We suspect that one potential reason for this discrepancy may be the 
wide variation in transgene expression between recipient mice.  It is also possible that the 
level of transgene expression may be insufficient to produce effects of a sufficient magnitude 
to be detected at the power level achieved by the experimental design. Finally, although 
BMP4 is a well-established promoter of bone formation in many animal models, it is possible 
that overexpression of this protein may adversely affect stem cell engraftment and/or 
hematopoietic differentiation.  As a result of these experimental results, our Technical 
Objective 3 below was revised to explore these and other possible mechanisms underlying 
our observed results.   

    
Revised Technical Objective 3: To explore the possible mechanism(s) for why 
transplantation of HSC-enriched cells transduced to express BMP4 did not induce bone 
formation as expected. 
a) To determine if silencing of the BMP2/4 transgene occurs we will, transplant donor 

HSCs transduced to express BMP 2/4 (or marker control gene) into myelosuppressed 
recipient mice and evaluate transgene expression at 8 weeks and 6 months post 
transplant.  Transgene expression will be evaluated by real time RT-PCR in RNA 



 

extracts and PCR in DNA extracts  In year 3 we have initiated experiments to examine 
whether silencing of the BMP2/4 transgene occurs after transplantation into recipient mice.  
In the first set of studies, preconditioned W41/W41 recipient mice were each injected with 
350,000 Sca-1+ cells from GFP+ donor mice that were transduced to express either the b-gal 
marker (control) gene, modified bone morphogenic protein (BMP2/4) gene or the human 
growth hormone (hGH) gene.  At 8 weeks post transplantation, peripheral blood was 
collected from the recipient mice and DNA and RNA was extracted from the mononuclear 
cells fractions.  Real time PCR (reflecting successful insertion of the transgene into the donor 
cells and successful engraftment of donor cells) and real time RT-PCR (reflecting transgene 
expression) was performed on the DNA and RNA isolates, respectively and results of these 
analyses are displayed in Tables 2 and 3. 

 
  mean DNA ratio (st. dev)   
cells transplanted hGH /cyclophillin   BMP4 /cyclophillin  
b-gal-transduced 0.00  (0) 0.00  (0) 
hGH-transduced 1.16 (0.44) * 0.00  (0) 
BMP2/4-transduced 0.00  (0) 0.02 (0.01) * 

 
 
 
 
 
 
 
 
 
 
 
  mean RNA ratio (st. dev)   
cells transplanted hGH /cyclophillin   BMP4 /cyclophillin  
b-gal-transduced 0.00  (0) 0.00  (0) 
hGH-transduced 4.15 (3.32) * 0.00 (0) 
BMP2/4-transduced 0.00 (0) 0.05 (0.03) ** 

 
 
 
 
 
 
 
 
 
 
As seen in Table 2, as expected, hGH DNA was detected in the peripheral mononuclear blood 
cells of mice transplanted with Sca-1+ cells expressing this transgene but not of mice in the b-gal 
and BM2/4 groups and BMP4 protein was only detected in mice transplanted with cells 
transduced to express the BMP4 gene, suggesting that donor cells were successfully transduced 

Table 2.  Real time PCR analysis of mononuclear blood cells 8 weeks post 
transplantation from recipient mice transplanted with Sca-1+ cells transduced to 
express b-galactosidase (b-gal-transduced), human growth hormone (hGH-
transduced) or bone morphogenic 2/4 (BMP2/4-transduced) genes.  DNA 
quantities (pg) were determined for hGH and BMP4 transgenes and cyclophillin 
housekeeping gene using specific primers and standard curves.  Ratios were 
calculated by quantity of DNA of specific gene divided by quantity of 
cyclophillin DNA. ANOVA * p-value < 0.0001 

Table3.  Real time RT-PCR analysis of mononuclear blood cells 8 weeks post 
transplantation from recipient mice transplanted with Sca-1+ cells transduced to 
express b-galactosidase (b-gal-transduced), human growth hormone (hGH-
transduced) or bone morphogenic 2/4 (BMP2/4-transduced) genes.  DNA 
quantities (pg) were determined for hGH and BMP4 transgenes and cyclophillin 
housekeeping gene using specific primers and standard curves.  Ratios were 
calculated by quantity of DNA of specific gene divided by quantity of 
cyclophillin DNA. ANOVA * p-value < 0.002, **  p-value < 0.0002 



 

and successfully engrafted recipient mice.  Comparison of the amount of DNA relative to the 
housekeeping gene (cyclophillin) suggests that cells transduced with the hGH vector were more 
efficient in transduction and/or engraftment than donor cells transduced with the BMP2/4 vector. 
However, because different primers specific for each transgene were employed in these studies, 
it is difficult to determine the degree to which primer efficiency may have affected the analysis.  
Therefore, future studies include the design of a primer specific to our retroviral vector and 
measure the level of DNA present in cell extracts from recipient mice.  This approach will 
eliminate differences in primer efficiencies between the different transgenes and allow for more 
accurate comparisons.  Measurements of RNA expression levels as reported in Table 3  are 
consistent with the DNA data, as reflected by higher relative levels of hGH mRNA compared to 
BMP4.  At this time the cause for the differential DNA and RNA levels observed between 
different transgenes are unknown but will be explored in more detail in planned studies. Future 
studies also will include measurement of DNA and RNA levels in these recipient mice at later a 
later time point (6 months post transplantation) to determine if levels change over time. In 
addition, we have repeated this transplant experiment to confirm our results. 
 
b. To determine if BMP2/4 interferes with engraftment of Sca-1+ cells we will: transduce 

Sca-1+ cells transduced to express BMP 2/4 (or marker control gene) and transplant at 
4 cell doses (500, 5000, 50,000 or 500,000 cells/recipient) into myelosuppressed recipient 
mice and evaluate engraftment at 4, 6, 8, 10 and 16 weeks.  

c. To determine if BMP2/4 induces Sca-1+ cell differentiation into hematopoietic lineages.  
Transduce Sca-1+ cells transduced to express BMP 2/4 (or marker control gene) and 
transplant at 4 cell doses (500, 5000, 50,000 or 500,000 cells/recipient) into 
myelosuppressed recipient mice and evaluate the percentage of various hematopoietic 
lineages (T-lymphocytes, B-lymphocytes, monocytes and erythroid) at 4, 6, 8, 10 and 16 
weeks. Hematopoietic lineage will be assessed by immunostaining and FACs analysis.  

 
Mice have been transplanted and the experiments will be performed as described above in 
Objective 3b and 3c. 
 
 
 
 

Key Research Accomplishments for year 3 
 
• We have repeated enrichment and transplantation experiments and confirmed that we can 

consistently achieve high enrichment of Sca-1+ cells, high transplantation success and 
high, stable engraftment of Sca-1+ cells for up to 40 weeks. 

• We have demonstrated that transplantation of donor Sca-1+ cells (5 months post 
transplantation) leads to long term and multilineage hematopoietic cell engraftment. 

• We have determined that the bone marrow cavity and the spleen are the primary sites of 
engraftment of the Sca-1+ donor cells after transplantations.  In contrast, the liver, heart, 
kidneys and lungs demonstrate insignificant engraftment of these cells.   

• We have performed transduction experiments using the BMP2/ transgene and confirmed 
that we can successfully transduce Sca-1+ cells using a retroviral-based vector.  However, 
overexpression of BMP2/4 resulted only in small increases in bone formation.  We have 



 

demonstrated that while BMP2/4 transduced cells successfully engraft, the level of BMP4 
DNA and RNA present in the recipient mice is much lower than observed with other 
transgenes such as hGH.  These data suggest that one mechanism contributing to the lack 
of effect on bone formation observed with BMP2/4 in previous studies is likely insufficient 
therapeutic levels of the transgene after engraftment.   

 
Reportable Outcomes 

None 
 

Conclusions 
  

In our systemic gene therapy subproject, we can achieve consistently high yields of highly 
enriched hematopoietic progenitor cells from donor mice.   Transplantation of these cells into 
preconditioned recipient mice results in consistently high, stable engraftment in the skeletal and 
splenic tissues, with minimal engraftment in non-skeletal tissues of the recipient animal.  We 
have successfully transduced the hematopoietic progenitor cells using retroviral-based vectors 
which overexpress BMP2/4 or hGH.  Transplantation with donor cells retrovirally transduced 
to express BMP4 did not produce large increases in bone formation in recipient mice as 
expected.  This lack of response may be the result of insufficient dose levels of the therapeutic 
protein.  Future work is planned to explore this and other the potential mechanism(s) of action 
that may explain these results 
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Sub-Project 7: Study Of Synergistic Growth Factors In Skeletal Gene 
Therapy 
 

Introduction: 
 

Skeletal gene therapy strategies utilizing a single osteogenic growth factor have been 
shown to be effective in stimulating bone formation and enhancing bony repair (1-4). There are 
recent studies suggesting that combination of two growth factor genes produced significant 
synergistic osteogenic effects (5). This observation provides a strong rationale for development 
of gene therapy-based strategies employing two or more osteogenic growth factor genes for 
repair of bone injuries or to treat bone-wasting maladies. Accordingly, synergistic gene therapies 
would not only provide significantly greater osteogenic effects, but would also allow the use of 
significantly lower dosages of the growth factor genes. The use of lower dosages not only would 
reduce the costs of the therapy and could also potentially reduce undesirable side effects due to 
high doses of growth factors. Consequently, the long-term objective of this sub-project was to 
develop a safe and effective combination ex vivo gene therapies to deliver locally in bone two or 
more osteogenic genes for repair of skeletal injuries. The immediate objectives were: 1) to assess 
the feasibility of a combination ex vivo skeletal gene therapy strategy to locally express in bone 
two osteogenic genes acting synergistically to promote healing of a large skeletal defect, 2) to 
identify an appropriate combination pair of osteogenic growth factor genes that would produce 
synergistic enhancement of bone formation, and 3) to determine the optimal conditions for the 
synergistic combination gene therapy. The original objective was to evaluate the therapeutic 
potential of primary bone marrow-derived stromal cells overexpressing Cox-2 and VEGF in the 
mouse critical-sized calvarial defect model. Because our work during the past two years have 
shown that Cox-2 and VEGF did not synergistically interact with each other to promote healing 
of the critical-sized calvarial defect (summarized in Section II.2.A.3 below), we shifted our focus 
to investigate the potential interaction between BMP-4 and VEGF (see Section II.2.A.4) and 
between BMP-4 and Cox-2 (see Sections II.2.B.1 and II.2.B.2). We also initiated work to test 
other osteogenic growth factors, such as FGF-2 and growth hormone. 

 
Body: 

1. Technical Objectives: 
 The specific technical objectives of year one were: 
 1) To prepare MLV-based retroviral vectors expressing the Cox-2 and VEGF genes, 
and to characterize transgene expression levels following transduction of primary bone marrow 
derived stromal cell cultures (MSCs) in vitro; 
 2) To evaluate the impact of transcplantation of MSCs expressing Cox-2 and VEGF on 
the rate and quality of healing of critical-size mouse calvarial defects in vivo. 
 
 The specific technical objectives of the year two and current reporting year were: 
 3) To optimize the dose and time of growth factor combinations with regard to bone 
formation time and bone quality; 
 4) To initiate studies aimed at determining the molecular mechanism of bone formation 
by osteogenic growth factors. 
 



 

 To facilitate the readers’ understanding of our overall progress in the context of each 
Technical Objective, we will first briefly summarize our past progress made during the first two 
years of funding. We will then describe in details the progress made during the current reporting 
period. In general, our work thus far supports the notion that this novel therapeutic approach is 
technically feasible and can significantly enhanced bone regeneration in the mouse calvarial 
defect model. On the other hand, during the course of our investigation, we have also 
encountered unexpected difficulties, which we will summarize in Section 2.C below. 
Specifically, our studies disclosed an interesting, but totally unexpected, observation with respect 
to the combination use of Cox-2 and BMP4 genes in the marrow stromal cell-based ex vivo gene 
therapy strategy to repair a critical-sized calvarial defect in mice. In this regard, while we have 
demonstrated that Cox-2 synergizes with BMP4 in promoting osteoblastic differentiation of 
mouse marrow stromal cells in vitro, enhanced Cox-2 transgene expression in the mouse 
calvarial defect model in vivo, not only did not synergistically enhance, but in fact markedly 
suppressed, the bone formation effects of BMP4. These unexpected, but also highly interesting 
results, are the focus of this current report. 
 
2. Progress towards Technical Objectives: 
A. Summary of Progress Made During the Past Funding Years. 
1. Adaptation of the rat critical-sized calvarial defect model in mice. A prerequisite for this 
project is a reliable bone repair model for use to test the feasibility of the combination gene 
therapy strategies. In this regard, we have previously established a rat critical-sized calvarial 
defect model and utilized this model to assess the therapeutic efficacy of ex vivo MLV-based 
BMP4 gene therapy to promote bone regeneration in the rat (1). A bone defect is defined to be of 
critical size when healing does not occur spontaneously over an extended period of time. Such 
defects are ideal for testing the bone regenerating activity of novel therapeutic modalities such as 
growth factor gene therapy. The critical-sized calvarial defect model has an important advantage 
over critical-sized bony defects involving limbs or the spinal column. The calvarial model does 
not require surgical stabilization of the defects, and test compounds can easily be inserted into 
the calvarial defect and held tightly in place after suturing of the skin. However, one of our long-
term goals was to understand molecular mechanisms leading to the synergistic enhancement of 
bone regeneration by investigating the bone regeneration and repairing processes in response to 
single or combination gene therapy strategies in transgenic mice in which the candidate gene is 
deleted or overexpressed. Thus, we sought to adapt the rat critical-sized calvarial defect model in 
mice to produce a mouse critical-sized calvarial defect model for the proposed work. Therefore, 
a significant effort has been put forth in our group to establish a reliable mouse critical-sized 
calvarial defect model. 
 
 Briefly, a 5-mm circular defect was carefully created (without damaging the highly 
vascularized dura mater) using a diamond-based dental burr in the calvaria of adult C57BL/6J 
mice. This defect, by definition, did not heal by itself over extended observation period (as long 
as 8 weeks). A piece of gel foam impregnated with mouse bone marrow-stromal cells, 
transduced with MLV-based expressing a bone growth factor gene (e.g., BMP4) or a β-
galactosidase (β-gal) control gene, was placed in the calvarial defect. New bone formation within 
the bony defect was then detected by X-ray, quantitated with DEXA, and confirmed with bone 
histology. In this mouse model, defects implanted with BMP-4 expressing stromal cells showed 
healing and robust new bone formation that completely filled the hole within 4 weeks. In 



 

contract, defects implanted with gel foams without cells or with cells expressing the β-gal 
control gene showed no appreciable bone formation. Therefore, we have successfully established 
a mouse critical-sized calvarial defect model for use in this project. 
 
2. Progress toward Technical Objective #1: preparation of MLV-based retroviral vectors 
expressing the Cox-2 and VEGF genes, and to characterize transgene expression levels following 
transduction of primary bone marrow derived stromal cell cultures in vitro. We chose MLV-
based vectors for our work because we have extensive experience with these vectors (6) and 
because these retroviral vectors have been shown to transduce effectively human and rodent 
bone marrow stromal cells. The rationale for choosing VEGF and Cox-2 as the initial test gene 
combination was because these two genes have been shown to have both osteogenic and 
angiogenic actions: both of which are essential for bony regeneration and bone repair.  
 
 There are at least five forms of VEGF (VEGF-A, -B, C-, D, and placental growth factor, 
PlGF). Since VEGF-A is the major and the most studied form, and since it has shown to 
stimulate bone formation and is also the most strongly associated with angiogenesis, the human 
VEGF-A was chosen as the test gene in this project. There are nine major VEGF-A isoforms 
(VEGF-A121, -A145, -A148, -A162, -A165, -A165b (an endogenous inhibitory isoforms that binds to 
VEGFR2 with similar affinity to VEGF-A165 but does not activate it), -A183, -A189, and -A206). 
Because VEGF-A165 has been shown to synergize with BMP-4 to promote bone formation (5), 
we chose VEGF-A165 for investigation. The human VEGF-A165 was cloned by PCR, and an 
MLV-based vector expressing the human VEGF-A165 was constructed as a similar strategy 
described for the MLV-BMP2/4 vector (6). In contrast, Cox-2 is an inducible gene and its 
mRNA is highly unstable because, like most inducible genes, the Cox-2 mRNA contains numerous 
AU-rich elements (AREs) in its 3' untranslated region (3'-UTR); AREs have been shown to be 
responsible for mRNA instability and degradation (7). The half-life of unmodified Cox-2 mRNA is 
therefore extremely short, which would limit production of the Cox-2 protein. Accordingly, we 
modified the human Cox-2 transgene to improve mRNA stability and protein translation by a) 
removing the large majority of the ARE-containing 3’-UTR and b) replacing the native Kozak 
sequence of human Cox-2 gene with an optimized Kozak sequence (8). An MLV-based vector 
expressing the modified human Cox-2 gene was again constructed as described previously (6). 
MLV-based vectors expressing BMP4, FGF-2, and β-gal and green fluorescence protein (GFP) 
control genes in the same viral backbone were also produced and used in this study as control 
and as alternative osteogenic genes for comparison. In these vectors, expression of the trangene 
is under control of a constitutively active, potent CMV promoter. 
 
 To characterize transgene expression levels following transduction of primary bone 
marrow derived stromal cell cultures with these MLV vectors in vitro, primary mouse bone 
marrow stromal cells were transduced two to three times with MLV vector expressing each of 
the test osteogenic gene at a multiplicity of infection (MOI) of 10-20 over 36 hrs as previously 
described (6). This “2- or 3-hit protocol over 26 hrs would ensure that cells are actively 
proliferating and undergo at least one cell division in the presence of the retroviral vector, which 
is absolutely essential for MLV transduction as MLV would transfect only proliferating cells. 
Indeed, this transduction protocol led to >90% transduction efficiency in primary mouse marrow 
stromal cells. As measurements of transgene expression, the human VEGF-A165, Cox-2, or 
BMP4 protein levels were measured in conditioned media (CM) as well as in cell extracts by 



 

both ELISA and Western immunoblot assays over a 4-week period. The VEGF-A level in the 
CM of transduced cells assayed by a specific ELISA was 250 to 500 ng/106 cells/24 hrs 7 days 
after transduction. Because of the modification of Cox-2 gene, cells transduced with Cox-2 
expressing virus also led to high (600 to 1,200 ng/106 cells/24 hrs) and sustained secretion of 
Cox-2 protein. Cells transduced with MLV-BMP4 were also shown to secrete in their CM high 
levels (100 to 200 ng/106 cells) BMP4 protein. The biological functional activity of VEGF was 
confirmed by increased angiogenesis in vivo and that of Cox-2 was confirmed by increased 
PGE2 formation in transduced cells in vitro. Consequently, we have now successfully 
accomplished our Technical Objective 1. 
 
3. Progress toward Technical Objective #2: Evaluation of the impact of transplantation of 
mouse marrow stromal cells expressing Cox-2 and VEGF-A165 on the rate and quality of healing 
of critical-sized mouse calvarial defects in vivo. To evaluate the impact of transplantation of 
mouse marrow stromal cells expressing Cox-2 and VEGF-A on the healing of the critical-sized 
calvarial defect, a gelatin matrix scaffold (Gel-foam) cut to fit the calvarial defect was 
impregnated with 1 x 106 transduced cells expressing Cox-2, VEGF-A, BMP4 (positive control), 
or GFP control gene each alone or in combination overnight. The Gel-foam impregnated with 
transduced cells was then transplanted to the critical-sized calvarial defect. Recipient mice 
receiving Gel-foam without cells were also included as an untreated negative control. New bone 
formation (assessed by X-ray and DEXA) was measured 14 days post-tranplantation to assess 
the efficacy of bone regeneration of the transgene. During the initial phase of healing of calvarial 
defects, osteoblasts (or precursors) at the margin of the defect proliferate and differentiate 
rapidly, migrate towards the center of the wound and establish formation and mineralization of 
the bone matrix along the wound periphery until the entire defect is filled up with newly formed 
bone. This bone regenerating activity is thought to be stimulated by growth and differentiation 
factors that are released locally in response to the injury. Failure to close the critical-sized defect 
is believed to result from a deficiency in the level or persistence of local bone growth factor 
production (9). Accordingly, it is anticipated that transplantation of marrow stromal cells (which 
contain osteoblast precursors) expressing a suitable osteogenic factor in the defect would 
promote repair of the defect. In this regard, we have clearly demonstrated that transplantation of 
BMP4 expressing marrow stromal cells in the rat critical-sized calvarial defect promoted 
complete healing of the defect (1). 
 
 As predicted, there was no evidence for new bone formation in the defects receiving 
untreated Gel-foam or those transplanted with control cells expressing the GFP control gene. 
There was also no new bone formation in control defects transplanted with untransduced marrow 
stromal cells. Conversely, as in the rat critical-sized defect model, transplantation of mouse 
marrow stromal cells expressing BMP4 yielded a complete regeneration of the defect after 14 
days. Surprisingly and intriguingly, there was also no clear evidence for significant new bone 
formation in defects receiving cells expressing Cox-2 or VEGF-A165 alone or in combination. 
Transduction of mouse marrow stromal cells with our MLV-Cox-2 virus led to significant 
increase in PGE2 production and alkaline phosphatase (ALP) activity in the transduced cells and 
the in vivo administration of the same MLV-Cox-2 vector promoted fracture repair in the rat 
femoral fracture model. Thus, the lack of bone regenerating effect of the Cox-2 expressing cells 
was not due to production of inactive Cox-2. Subsequent analysis of Cox-2 mRNA levels within 
the defect indicates that the lack of a bone formation effect was also not due to expression of 



 

Cox-2 in transduced cells within the defect. Similarly, there was strong evidence for a massive 
increase in blood vessel formation in the defects receiving cells expressing VEGF-A165, 
indicating that there were sufficient amounts of functional VEGF-A produced within the treated 
defects over the course of treatment. Thus, the lack of bone formation effects of the VEGF-A in 
this model was not due to insufficient expression of VEGF-A or inactive VEGF-A protein. 
Histological analysis of the defects confirmed the results of the X-ray and DEXA bone density 
analyses. The absence of a bone formation response with VEGF-A therapy alone was not 
entirely surprising as a previous study showed that transplantation of messenchymal stem cells 
expressing VEGF-A alone in a segmental defect model not only did not enhance bone formation, 
but actually slightly inhibited bone formation, although the VEGF-A and BMP4 combination 
markedly enhanced the bone formation response of BMP4 (5). What was surprising is that the 
Cox-2 treatment did not produce a bone formation response in this calvarial defect model, given 
the fact that the same MLV-Cox-2 vector markedly enhanced bone formation and fracture repair 
in the femoral fracture model and that Cox-2 and PGE2 treatments have been shown to promote 
bone formation in a number of in vivo and in vitro models. Our current efforts focus on 
determining the potential reasons for the absence of a bone formation response in the calvarial 
defect model by the Cox-2 therapy (see below). Regardless of the reason for the lack of a bone 
formation response for the VEGF-A or Cox-2 therapy in our model, this study clearly indicates 
that the combination gene therapy of VEGF-A and Cox-2 would not produce synergistic 
response in repairing calvarial defects in mice. 
   
 Inasmuch as the results of our work were unexpected and largely of negative nature, we 
have nevertheless completed all of the proposed work of Technical Objective #2. 
 
4. Progress toward evaluation of the effects of transplantation of mouse marrow stromal cells 
expressing VEGF-A and/or BMP4 on the rate and quality of healing of critical-sized mouse 
calvarial defects in vivo. Since our overall objective is to develop a synergistic gene transfer-
based therapeutic strategy for enhancing bone healing and repair, we have modified our 
Technical Objectives to identify a more suitable pair of synergistic osteogenic growth factor 
genes for evaluation. We next decided on testing the possibility that either Cox-2 or VEGF-A 
might synergize with and enhances the bone formation effect of BMP4 in the mouse critical-
sized calvarial defect model. We first examined the potential synergistic effects between BMP4 
and VEGF-A, since it has previously been reported that VEGF-A when given in the ratio of 1:5 
with BMP4 produced a synergistic enhancement of bone formation in a rat segmental defect 
model compared to BMP4 ex vivo gene therapy alone (5). 
  
 To test whether VEGF-A would synergize with BMP4, defects transplanted were with 4 x 
105 cells of BMP4 expressing mouse marrow stromal cells, 1 x 105 cells of VEGF-A expressing 
cells, alone or in combination (BMP-4:VEGF-A in 1:4 ratio). As expected, BMP4 treatment 
produced a significant increase in bone formation, while VEGF-A treatment had no significant 
bone formation effect compared to control defects with no cells or transplanted with GFP 
expressing control cells. However, contrary to what was reported for the rat segmental defect 
model, the BMP4 and VEGF-A combination regiment did not produce a large synergistic 
enhancement in new bone formation. On the contrary, quantitative bone mineral density (BMD) 
measurements by DEXA revealed that the combination therapy produced a significant 20% 
reduction in BMD compared to BMP4 treatment alone 4 weeks after transplantation. However, 



 

the VEGF-A treatment led to a massive increase in highly vascularized, soft tissue. When the 
total material density of both hard and soft tissues over the defect were measured by X-ray and 
the Alpha Innotech light imaging system, quantified by the Chemi-Imager 4400 software, the 
BMP4/VEGF-A combination therapy produced a dose-dependent (with respect to the number of 
VEGF-A expressing cells) decrease compared to BMP4 treatment alone. Our results are very 
different from that of Peng et al. (5), which reported synergistic enhancement of bone formation 
and healing of segmental defects in the long bones by muscle stem cell-expressed VEGF and 
bone morphogenetic protein-4. Potential explanations for the differences seen in our studies and 
their study include, but are not limited to, the use of different bony defect model (calvarial defect 
model vs. long bone segmental defect), the different vehicle (marrow stromal cells vs. muscle 
stem cells), or the cell dosages. Regardless of the reasons, our data confirm that the ex vivo 
BMP4 gene therapy can effectively repair the mouse critical-sized calvarial defect. However, the 
presence of VEGF expressing cells did not synergistically enhance the bone formation response 
of BMP4 in this model. 
 
 Cox-2 (Cyclooxygenase 2, also known as Prostaglandin H synthase) has been shown to be 
a potent osteogenic factor that stimulates bone formation in a large number of models, including 
fracture repair. Cox-2 is the enzyme that mediates the conversion of arachidonic acid to PGH2, 
which is the key rate-limiting step of prostaglandin biosynthesis, including PGE2. PGE2 has been 
established to be a potent bone formation agent. Accordingly, it has been generally assumed that 
the osteogenic action of Cox-2 is in part mediated through PGE2. Cox-2 as well as PGE2 are both 
potent stimulators of osteoblast proliferation. In addition, Cox-2 is a potent angiogenic factor, 
which is also required for osteogenesis. In contrast, BMP4 is a potent differentiation agent of 
osteoblasts and is believed to stimulate bone formation primarily through osteoblast 
differentiation. Consequently, there is a good rationale to believe that Cox-2 and BMP4 could act 
synergistically to promote bone formation. Consequently, a majority of our efforts during the 
current reporting year and the past year have focused on the combination treatment of Cox-2 and 
BMP4 to promote healing of mouse calvarial defects. The results of our preliminary work in this 
area during the past year and the current reported period will be reported together in the 
following section in order to give readers a more comprehensive picture of our progress in this 
area as a whole. 
 
B. Detailed Summary of Progress Made During the Current Reporting Year. 
1. Progress toward Technical Objective #3: evaluation of the effects of transplantation of 
mouse marrow stromal cells expressing Cox-2 and BMP4 on the healing of critical-sized mouse 
calvarial defects in vivo and optimization of the dose and time of growth factor combinations 
with regard to bone formation and bone quality. To evaluate if BMP4 and Cox-2 would 
synergize with each other to promote healing of the critical-sized calvarial defect in the mouse, 
we transplanted gel-foam impregnated with a sub-maximal amount of (1 x 105) mouse marrow 
stromal cells expressing BMP4 with or without 9 x 105 Cox-2 expressing cells, 9 x 105 Cox-2 
expressing cells plus 1 x 105 GFP expressing cells, or 1 x 106 GFP expressing control mouse 
marrow stromal cells. The healing was allowed to proceed for 4 weeks, and bone mineral density 
over the defect site was determined with Faxitron. Figure 1 shows that defects treated with 
BMP4 expressing cells alone significantly increased the mineral density over the defect area and 
brought it back to ~70% of the BMD of the normal calvaria. Conversely, defects receiving Cox-2 
expresing cells at the test dose not only did not increase, but slightly reduced the mineral density 



 

over the defect site compared to control defects receiving the GFP expressing cells. Most 
importantly, defects receiving the BMP4 and Cox-2 combination treatment not only did not show 
an enhancement of, but in fact completely suppressed the bone formation response of BMP4 in 
this bone healing model. This experiment has been repeated three times, with combination of 
different numbers of BMP4 or Cox-2 cells. However, because of the differences in viral titers, 
transduction efficiencies, growth rate of transduced mouse marrow stromal cells, etc., the 
amounts of BMP4 and/or Cox-2 protein produced by the same number of transduced cells could 
vary in different experiments. Thus, the absolute values of changes in mineral density varied 
from experiment to experiment. However, the suppression of the BMP4 bone formation response 
in this defect model was reproducible and seen in every repeat experiment. The suppression of 
bone formation response of BMP4 by Cox-2 was confirmed with histology (data not shown). 
Consequently, these findings not only did not support a synergistic enhancement between BMP4 
and Cox-2 gene therapy, at least at the test dose, in bone formation with the mouse calvarial 
defect model. 
 

 
Figure 1: Tissue Density in mouse critical-sized calvarial defects after 4 weeks with BMP-4 
and Cox-2 ex vivo gene therapy. Mouse critical-sized (5-mm i.d.) calvarial defects were 
implanted with gel-foam impregnated with 1 x 106 GFP expressing primary mouse marrow 
stromal cells alone (Control Cells), 1 x 105 BMP4 expressing cells plus 9 x 105 GFP control cells 
(BMP4 Cells), 9 x 105 Cox-2 expressing cells plus 1 x 105 BMP expressing cells (BMP4 Cells + 
Cox-2 Cells), or 9 x 105 Cox-2 expressing cells plus 1 x 105 GFP expressing control cells (Cox-2 
Cells). The healing was allowed to proceed for 4 weeks. The animals were then sacrified and 
calvaria were dissected free of other tissues. X-ray images of the calvariae were taken with 
Faxitron and analyzed with the Alpha Innotech light imaging system. Values are average ± S.D. 



 

from 4 animals per test group. *p<0.05; and **p<0.01 compared with Control cells group, 
##p<0.01 compared with BMP4 cells group. 
 
 The previous report indicates that the synergy between BMP4 and VEGF-A was dose-
dependent and was related to the relative ratio between BMP4 expressing stem cells and VEGF-
expressing stem cells (5). To investigate if the synergy between BMP4 and Cox-2 might also be 
dependent of the relative ratio of BMP4- and Cox-2-expressing cells, we treated calvarial defects 
with two different ratios of BMP4- and Cox-2-expressing cells (i.e., 1:1, 1:5, and 1:10). Similar 
suppression of the bone formation response of BMP4 by Cox-2-expressing cells was seen in 
treatments with either ratio, although the higher ratio group (i.e., 1:9 ration of BMP4:Cox-2) 
appeared to show a smaller suppression (data not shown). Therefore, our in vivo work with the 
mouse critical-sized calvarial cefect model yielded a surprising observation in that the 
combination Cox-2 ex vivo gene therapy with BMP4 ex vivo gene therapy not only did not 
produce a synergistic enhancement in the bone healing response, but it unexpectedly suppressed 
the bone formation response of the BMP4 gene therapy. Although it was our intention in the 
Technical Objective #3 to optimize the combination gene therapy, we feel that it would be 
important to determine the mechanistic reason(s) for the suppression prior to further 
experimentation to optimize this combination therapy. Once we have determined potential 
molecular mechanisms by which Cox-2 acts to suppress BMP4 in the healing of the calvarial 
defect, we will then continue to optimize the combination therapy. We should also emphasize 
that these two growth factors, which act on different phases of bone formation, could have 
different optimal time- and/or dose-dependent kinetics, which need extensive optimization in 
order to obtain the synergistic effect. 
 
2. Progress toward Technical Objective #4: Initiation of work to determine molecular 
mechanism of bone formation by osteogenic growth factors. Specifically, to gain molecular 
insights into molecular mechanism(s) whereby Cox-2 suppresses the bone formation response of 
BMP4 in the mouse calvarial defect model. During the current reporting year, we focused our 
efforts on the determination of potential mechanistic reasons for the negative interaction between 
Cox-2 and BMP4 gene therapy, primarily with in vitro approaches (Technical Objective #4).One 
of the possibilities that we have considered is that Cox-2 (or its anabolic product, PGE2) might 
not produce a synergistic interaction with BMP4 on osteoblast activity, even evidence in the 
literature strongly supports such a synergy. As an initial test for this possibility, we treated 
primary mouse marrow stromal cells with 200 ng/ml recombinant BMP4 protein, 10 µM PGE2, 
or the combination of the two effectors, along with the solvent control, for 7 days. Cell extracts 
were then prepared by extracting each treated cell culture with 0.1% Triton X-100. The alkaline 
phosphatase (ALP) activity, which is a well-accepted marker of osteoblast differentiation, was 
measured. As previously shown repeatedly that BMP4 is a potent stimulator of osteoblast 
differentiation, the BMP4 treatment alone led to ~8-fold increase in ALP activity (Fig. 2). Also 
as previously reported, the PGE2 treatment alone also yielded a ~2-fold increase. Most 
significantly, the PGE2 and BMP4 combination produced a significantly larger increase in ALP 
than BMP-4 alone. Similar results were obtained after 3 days, rather than 7 days, of incubation 
(data not shown). These results were highly reproducible and were seen in two separate repeat 
experiments. These findings indicate that PGE2 can act synergistically with BMP-4 in promoting 
osteoblast differentiation in vitro, and as such are entirely consistent with the contention that the 
product of Cox-2, PGE2, and BMP-4 can act synergistically to stimulate bone formation. 



 

 
Figure 2. Synergistic stimulation of ALP expression in primary mouse marrow-derived 
stromal cells by prostaglandin E2 (PGE2) and BMP4 in vitro. Primary mouse marrow-derived 
stromal cells were plated in 6-well culture plates. Twenty-four hrs after plating, PGE2 (10 µM), 
recombinant human BMP4 (200 ng/ml), each alone or in combination were added to replicate 
cultures (n = 6 per group). Cell medium were changed every 3 days, and cell extract was 
prepared by exacting each cell layer with 1 ml 0.1% Triton X-100. The ALP activity in each 
extract was then assayed with 10 mM p-nitrophenylphosphate (pH 10.3). Results are shown as 
average ± S.D. *p<0.05, compared to the vehicle control, and #p<0.05, compared with BMP4 
alone. 
 
 We cannot rule out the unlikely possibility that the MLV transduction process might alter 
the primary marrow-derived stromal cells so that the transduced cells could respond to these two 
osteogenic factors differently than untransduced cells to added effectors. Consequently, we next 
tested whether co-culture of Cox-2-expressing mouse marrow stromal cells with BMP4-
expressing cells in 1:1 ratio would also produce a similar synergistic enhancement in ALP 
activity compared to BMP4 group alone. Also, to assess whether the effects were dose-
dependently related to cell density, three different cell densities (i.e., 50,000 cells, 25,000 cells, 
or 10,000 cells) were tested. After 3- or 7-days of incubation, the ALP activity of each culture 
was measured as described above. As expected, Figure 3 shows that BMP4-expressing cells 
showed a significant increase in ALP activity after 7 days in culture compared to GFP-expresing 
control cells. The BMP4-mediated increase in ALP expression appeared to be proportional to the 
number of BMP4-expressing cells plated. Conversely, Cox-2-expressing cells had no significant 
increase in cellular ALP expression. However, when the same number of BMP4-expressing cells 
were co-cultured with Cox-2-expressing cells, the increase in ALP expression was significantly 
greater than those with BMP4-expressing cells alone, supporting a synergistic enhancement 
between BMP4 and Cox-2 on ALP expression in the transduced cells. The synergistic interaction 



 

was seen in each test cell density. Similar synergistic interactions were seen after 3 days of 
incubation (data not shown). Based on these in vitro findings, we do not believe that the 
observed suppressive effect of Cox-2 expression on the bone healing action of BMP4 in the 
calvarial defect model was a result of the lack of synergistic interaction between the two 
effectors. 
 

 
Figure 3. Synergistic interaction of BMP4-expressing mouse marrow-derived stromal cells 
and Cox-2-expressing mouse marrow-derived stromal cells in enhancing ALP expression in 
vitro. Various numbers (i.e., 50,000, 25,000, or 10,000) of BMP4-expressing mouse marrow 
stromal cells, Cox-2-expressing mouse marrow stromal cells, or GFP-expressing control cells, 
were plated alone or in combination in 6-well plates. Cell medium was changed every three days, 
and each layer was extracted with 1 ml of 0.1% Triton X-100. ALP activity was then assayed. 
Results are shown as mean ± S. D. (n = 6 per group). *p<0.05 compared to GFP-expressing 
control cells. #p<0.05, compared to each corresponding BMP4-expressing cell group. 
 
 Healing of the bony defect not only involves the proliferation and activation of 
osteoblastic cells, but also involves recruitment and migration of osteoblastic cells to the wound 
site. Accordingly, another possible explanation for the suppressive effects of Cox-2 on the bone 
healing response of BMP4 may involve a suppression of migration of osteoblastic cells to the 
center of the wound to establish formation and mineralization of the bone matrix along the 
wound periphery until the entire defect is filled up with newly bone. Consequently, as a 



 

preliminary testing of this interesting possibility, we measured the effect of expression of BMP4 
or Cox-2 on cell migration using an in vitro cell migration assay. In this assay, 1 x 106 untreated 
or each test transduced cells were plated in the bottom of the transwell. The number of cells 
migrated to the membrane from day 3 to day 14 were then measured. Table 1 summarizes the 
results of this preliminary experiment. 
 
Table 1. Effect of BMP4 or Cox-2 expression on migration of the transduced mouse marrow 
stromal cells. Results are shown as average ± S.D. (n = 3 per group). 
Cells Cells Migrated to the membrane ( x 105 cells) P value* 
Untreated cells 4.17 ± 0.10 n.s. 
GFP-expressing cells 3.68 ± 0.48 --- 
BMP4-expressing cells 5.89 ± 0.47 <0.05 
Cox-2-expressing cells 4.37 ± 0.55 n.s. 
* P values are comparison between the test group and the GFP-expressing control cells. 
 
 This preliminary experiment suggests that expression of BMP4 significantly increased the 
migration of transduced marrow stromal cells. In contrast, expression of Cox-2 also appeared to 
slightly (but did not reach statistically significant level due to the small sample size) increased 
the migration of mouse marrow stromal cells compared to GFP-expressing cells. These findings 
support the contention that each of these two effects also possesses cell migration promoting 
activity. This preliminary experiment did not address the issue whether Cox-2 expression would 
suppress the BMP4-mediated cell migration, which will be done in our future experiment. 
However, since both agents appeared to promote cell migration, we do not believe the possibility 
that Cox-2 suppressed BMP4-induced cell migration is a very likely explanation for the 
suppression effect of Cox-2 on BMP4-induced bone healing. 
 
 Because the bone formation response of BMP4 was suppressed in the presence of Cox-2 
expression, one of the possibilities is that the amounts of BMP4 produced by BMP4-expressing 
cells was reduced in response to Cox-2 or the number of BMP4-expressing cells was decreased 
in response to Cox-2. Thus, we next tested whether co-expression of Cox-2 in the milieu of Gel-
foam could suppress BMP4 gene expression by performing an in vitro experiment in which we 
impregnated gel foam with BMP4 expressing primary mouse marrow stromal cells alone or in 
combination with Cox-2-expressing cells at 1:1 or 1:9 ratios. The total number of transduced 
cells in each Gel-foam strip was 2 x 106 cells. GFP-expressing cells were added in each 
treatment group to make up the total number of transduced cells. The cells were incubated in 2 
ml of culture medium, which was sufficient to cover the entire Gel-foam. At day 1 and day 4, 
respectively, a set of three replicate Gel-foam of each group was rinsed with phosphate-buffered 
saline, and bisected. Total RNA was then extracted from each sample with a commercial RNA 
extraction kit. Each RNA sample, after confirmation of quality, was reversed transcribed to 
cDNA. The human BMP4 mRNA transcript levels was then measured using a primer set that 
was specific for human BMP4 by real-time RT-PCR using the SybrGreen assay method and the 
relative level was calculated by the ∆CT method and reported as relative percentage of its 
endogenous GAPDH transcript levels. The results are shown in Figure 4. These results illustrate 
two important points. First, there was a time-dependent decrease in BMP4 mRNA transcript 
level even in Gel-foam containing BMP4-expressing cells, suggesting that there might be a rapid 
cell death (or BMP4 gene silencing) in BMP4-expressing cells when impregnated within Gel-



 

foam. Second and more importantly, this time-dependent decrease in BMP4 transcript levels was 
enhanced by the presence of Cox-2-expressing cells in an apparent dose-dependent manner. 
Although these in vitro data must be confirmed in vivo situation, these preliminary data 
nevertheless raise the interesting possibility that Cox-2 may either promote BMP4 gene silencing 
or death of BMP4-expressing cells. 
 
 

 
Figure 4. Effects of Cox-2 expression on the expression of BMP4 transgene level in 
transduced mouse marrow stromal cells in vitro. Gelfoam strips of 5 x 10 mm in size were 
impregnated with 2 x 105 mouse marrow stromal cells expressing BMP4 in combination with 
Cox-2-expressing cells in either 1:1 or 1:9 ratios, or with the same ratios of GFP-expression 
cells. The Gelfoam of each test group had a total of 2 x 106 transduced cells. Each gel-foam was 
plated incubated in wells of 6-well plates containing 2 ml of growth medium. After 1 day or 4 
days in culture, the strips were washed briefly with phosphate-buffered saline, cut in half, and the 
total RNA was isolated. Each RNA sample was then reverse-transcribed to cDNA, and the 
relative levels of human BMP4 transgene transcript was determined by real-time RT-PCR using 
a primer set that is specific for human BMP4, which would not recognize endogenous mouse 
BMP4 transcript. Each relative level was normalized against respective GAPDH transcript level, 
also performed with real-time RT-PCR. Relative human BMP4 expression level was determined 
by the ∆CT method using a QuantiTech SybrGreen PCR assay kit and is reported as percentage 
of endogenous GAPDH transcript level.  Results are shown as average ± SD from three Gel-
foams per group. Each real-time RT-PCR assay was done in triplicate on a MJ Research Opticon 
real-time PCR system. 
 



 

 As an initial test of the possibility that Cox-2 expression might reduce the BMP4-
expressing cells, we also measured the relative levels of incorporation of the human BMP4 
expression vector into the host chromosome of the remaining transduced mouse marrow stromal 
cells in the aforementioned experiment after 14 days of incubation. We found that even in Gel-
foam strips impregnated with BMP4-expressing cells without Cox-2 expressing cells, the 
genomic levels of human BMP4 gene in the host cells was barely detectable (by PCR-based 
assay). Co-incubation with the Cox-2-expressing cells did not significantly alter the relative 
levels of genomic incorporation of the human BMP4 transgene (data not shown). However, 
because of the high variation of the assay, and because of the relatively low levels of genomic 
incorporation, we do not have high confidence with these results. Consequently, although our 
preliminary data do not support the possibility of Cox-2-induced reduction of BMP4-expressing 
cells under our experimental conditions, we cannot rule out this interesting possibility. 
 
 In addition to stimulating bone formation, Cox-2 induces a number of physiologically 
important biological actions. Among the various biological actions of Cox-2, Cox-2 is a well-
known, potent pro-inflammatory agent. Several pro-inflammatory cytokines, such as TNFα, IL-1 
and IL-6, can inhibit bone formation. Therefore, the possibility that the suppressive effects of 
Cox-2 might suppress the bone formation response of BMP4 in part through its pro-
inflammatory cytokine pathways cannot be ruled out. Our future work will attempt to address 
this possibility. Finally, there is strong evidence that many of Cox-2 biological actions are of 
biphasic nature. We also cannot rule out the possibility that the suppressive effect might be a 
result of too high of a dosage of Cox-2-expressing cells. Consequently, we plan to re-examine if 
there is potential synergy with reduced dosages of Cox-2-expressing cells in our future work.  
 

Key Research Accomplishments: 
1. A murine critical-sized calvarial defect model has been established and was used in our 

ex vivo skeletal gene therapy studies to promote bony healing. 
2. MLV-based retroviral vectors expressing BMP-4, VEGF-A165, Cox-2 or a control gene 

(β-galactosidase or GFP) have been constructed and produced. 
3. Bone marrow stromal cells have been transduced (with >90% transduction efficiency) 

with MLV-based growth factor vectors (BMP-4, VEGF-A165, Cox-2) and gene 
expression determined over 4 weeks in culture by Western blot or ELISA. The growth 
factor proteins produced were functionally active in vitro and in vivo. 

4. The mouse calvarial critical defect model has been developed.  Bone marrow stromal 
cells expressing BMP-4 were implanted and healing has been observed within 4 weeks.  
Net bone formation in implants was quantitated by dual X-ray absorptiometry and bone 
quality was evaluated by histological methods.  

5. As expected, BMP4 single gene therapy produced significant increase in bone density 
measured by pQCT. Surprisingly, neither VEGF-A165 nor Cox-2 single gene therapy 
significantly increased bone formation. VEGF therapy promoted blood vessel formation 
but not bone formation.  

6. Cox-2 and VEGF combination gene therapy produced no synergistic or enhancing effects 
on bone regeneration in the mouse calvarial defect model. 

7. VEGF and BMP-4 combination gene therapy also did not yield synergistic interaction in 
promoting bone regeneration, but increased blood vessel and soft tissue formation. 



 

8. Very surprisingly, Cox-2 not only did not synergize with BMP-4, but also completely 
suppressed the bone formation effect of BMP-4 in this mouse calvarial defect healing 
model. The inhibitory effect of Cox-2 was dose-dependent. 

9. In vitro studies suggested that Cox-2 did not appear to have an inhibitory effect on BMP-
4 gene expression or the survival of the transduced marrow stromal cells. 

10. BMP-4 enhanced alkaline phosphatase expression in marrow stromal cells, Cox-2 or 
PGE2, a product of Cox-2, not only did not inhibit, but significantly enhanced, the 
stimulatory effects of BMP-4 on alkaline phosphatase expression in these cells in vitro. 

11. We are now working on the molecular mechanism whereby Cox-2 to suppress the bone 
formation effect of BMP-4 in the mouse calvarial defect model. 

12. Because we have evidence that FGF-2 promote bone formation in the endosteal bone 
formation model, we may test the synergistic effects between FGF-2 and Cox-2. 

 
Reportable Outcomes: 

 There are not yet any reportable outcomes at this time. 
 

Conclusions: 
1. The mouse calvarial critical bone defect model has been developed for the evaluation of 

growth factor genes expressed ex vivo in bone marrow stromal cells. 
2. This model is being used to test combination of growth factors that may be synergistic 

and promote bone healing more efficiently than a single growth factor. 
3. A surprising finding of the inhibitory action of Cox-2 on BMP-4 led us to conclude that 

the choice of osteogenic growth factors is an important issue, since it appears that certain 
osteogenic growth factor (e.g., Cox-2) might have antagonistic effects on other 
osteogenic factor (e.g., BMP-4).  

4. Cox-2 (or PGE2) synergistically enhanced the anabolic response of BMP4 in the 
stimulation of osteoblastic differentiation of mouse marrow stromal cells. Thus, the 
suppressive effects of Cox-2 on the BMP4-induced bone formation are not likely due to a 
lack of synergy between the two effectors. 

5. Cox-2 expression appeared to suppress the BMP4 expression in a dose-dependent manner 
in vitro, suggesting that Cox-2 may promote BMP4 gene silencing and/or death of 
BMP4-expressing mouse marrow stromal cells. 

 
References: 

1. Gysin R, Wergedal JE, Sheng MH-C, Kasukawa Y, Miyakoshi N, Chen S-T, Peng H, Lau 
K-HW, Mohan S, and Baylink DJ (2002) Ex vivo gene therapy with stromal cells 
transduced with a retroviral vector containing the BMP4 gene completely heals critical 
size calvarial defect in rats. Gene Therapy 9:991-999. 

2. Rundle CH, Miyakoshi N, Kasukawa Y, Chen S-T, Sheng MH-C, Wergedal JE, Lau 
KHW, and Baylink DJ (2003) In vivo bone formation in fracture repair induced by direct 
retroviral-based gene therapy with BMP-4. Bone 32:591-601. 

3. Zhang XS, Linkhart TA, Chen S-T, Peng H, Wergedal JE, Guttierez GG, Sheng MH-C, 
Lau K-HW, and Baylink DJ (2004) Local ex vivo gene therapy with bone marrow stromal 
cells expressing human BMP4 promotes endosteal bone formation in mice. J Gene Med 
6:4-15. 



 

4. Klamut HJ, Chen S-T, Lau K-HW, and Baylink DJ (2004) Progress toward skeletal gene 
therapy. Crit Rev Eukaryotic Gene Expression 14:89-136. 

5. Peng H, Wright V, Usas A, Gearhart B, Shen H-C, Cummins J, and Huard J (2002) 
Synergistic enhancement of bone formation and healing by stem cell-expressed VEGF and 
bone morphogenetic protein-4. J Clin Invest 110:751-759. 

6. Peng H, Chen S-T, Wergedal JE, Polo JM, Yee J-K, Lau K-HW, and Baylink DJ (2001) 
Development of an MFG-based retroviral vector system for high secretion of functionally 
active human BMP-4. Mol Therapy 4:95-104. 

7. Cok SJ, and Morrison AR (2001) The 3’-untranslated region of murine cyclooxygenase-2 
contains multiple regulatory elements that alter message stability and translational 
efficiency. J Biol Chem 276:23179-23185. 

8. Lida Y and Masuda T (1995) Quantification analysis of translation initiation signal 
sequences in vertebrate mRNAs. Nucleic Acids Symp Ser (34):103-104. 

9. Krebsbach PH, Mankani MH, Satomura K, Kuznetsov SA, Gehron Robey P (1998) Repair 
of craniotomy defects using bone marrow stromal cells. Transplantation 66:1272-1278. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

PROJECT 8 

PRINCIPAL INVESTIGATOR:  Donna D. Strong, Ph.D. 

TITLE:  Nuclear Targeting of Transposon-Based Plasmid Vectors for Gene Therapy  

  

 
 



 

Project 8: Nuclear Targeting of Transposon-Based Plasmid Vectors For Gene 
Therapy 
 
 
A. TECHNICAL OBJECTIVE. Develop and test a novel nonviral protein expression vector 
for use in gene therapy. The plasmid will contain DNA sequences to a) increase movement of the 
plasmid DNA into the nucleus and thus increase transfection efficiency and expression levels; 
and b) produce a transposase to increase stable vector DNA integration into genomic DNA, thus 
increasing long term transgene expression.  
 

Introduction 
Our primary research objective is to develop improved nonviral plasmid vectors for in vivo 

applications in hard and soft tissues by incorporating into a single vector a nuclear entry 
sequence to increase transfection efficiency and a transposon to increase long term transgene 
expression.  Plasmid vectors will provide a safer, less expensive and more easily manufactured 
reagents for gene delivery compared to viral vectors, but have not been widely used for in vivo 
applications because of several different cellular barriers to in vivo transfection and transgene 
expression.  These barriers include plasmid entry into the cell, subsequent entry into the nucleus, 
and for long term expression, stable transgene integration into genomic DNA.  After entering 
cells, traditional plasmids enter the nucleus during mitosis, so transfection efficiency is 
dependent on active cell proliferation.  We and others have identified nuclear entry DNA 
sequences, such as the virally derived SV40 DTS, that enhance nuclear entry of plasmid DNA 
and increase in vivo transfection efficiency and transgene expression levels even in non-
proliferating cells (1-7).  Traditional plasmid DNA integrates into genomic DNA randomly and 
with low efficiently. To improve efficiency of integration, we have also developed a plasmid 
vector that expresses a mammalian transposase, Sleeping Beauty, (SBT) and incorporates the 
gene of interest but not the transposase within a transposon.  The transposase facilitates 
transgene integration into AT-rich regions of genomic DNA, resulting in high levels of long term 
expression (8-12).  No single plasmid vector has been developed that incorporates both a nuclear 
entry sequence and transposon with transposase expression. We propose that our enhanced 
plasmid expression vectors will significantly increase transfection efficiency and transgene 
integration, resulting in higher levels of long term therapeutic gene expression in vivo than are 
possible with existing nonviral gene therapy vectors. Our studies are designed to prepare novel 
plasmid vectors with nuclear entry activity, a transposon/transposase and either a marker gene or 
the BMP-2/4 therapeutic gene. We will show that cells expressing BMP-2/4 from a nonviral 
vector can produce BMP-2/4 at levels as well as cells expressing BMP-2/4 from an MLV vector. 
We will show that both vector/cell systems stimulate bone formation in vitro and in vivo. 
 
Objectives Years 1-3:  
Specific Objective 1. Initiate studies to compare effectiveness of SV40DTS/SBT BMP-4 plasmid 
and MLV BMP-2/4 viral vector in stimulating osteoblast differentiation in cultured rat MSCs 
and osteoblasts.  
Specific Objective 2. Initiate studies to compare bone formation induced by rat MSCs transduced 
in vitro with SV40DTS/SBT-BMP-2/4 plasmid or MLV BMP-2/4 viral vectors in vivo in a rat 
subcutaneous implant model.  
 



 

Body 
A. Summary of  progress. Previous progress included preparation of plasmid vectors that 

included the red fluorescent protein (RFP) marker gene or the Bone Morphogenic Protein 
(BMP)-2/4 therapeutic gene, the sleeping beauty transposon (SBT), and the SV40 DTS nuclear 
entry sequence. We prepared  pPrince Charming (pPC) vector-based constructs by PCR to 
reduce the size and remove the Neo selection cassette. We showed that in rat and human 
osteoblast-like cells that the pPC based vector transfected cells with a higher efficiency than the 
parental pPC vector. We introduced the SV40DTS into pPC-based plasmid vector (pARSS, 
Figure 1) vectors and prepared and tested BMP-2/4 vectors (pABSS, Figure 1) by replacing the 
BP3-NLS-RFP with the BMP-2/4 coding region.  

Transfection of rat marrow stromal cells (rMSCs) and rat calvarial osteoblasts (rCobs) with 
Effectene (Qiagen) and the pARSS vector resulted low levels (1-5%) transfection efficiency and 
in long term expression of nuclear RFP in vitro (4 weeks). After transfection, transgene 
expression was stable, dividing cells expressed the transgene and colonies of cells expressing the 
transgene were observed in culture. Long term expression of more than 2-3 days was not 
observed with vectors that did not have the sleeping beauty transposon. Transfection of  C2C12 
cells with the pABSS caused cells to transdifferentiate and produce ALP activity and transfection 

with pABSS stimulated a significant increase in ALP activity in cultured rCobs.   
Since the last progress report (October 2005), we found that BD Biosciences collagen and 

ceramic scaffolds treated with fibronectin reproducibly sustained growth of MLV-GFP 
transduced rMSCs moreso than OPLA scaffolds in vitro. More total RNA was isolated from the 
rMSC-collagen scaffolds and more osteopontin was produced than by rMSCs attached to the two 
other scaffolds, reflecting maturation of rMSCs into active osteoblasts on the fibronectin-coated 
collagen scaffold. We tested rMSC-covered scaffolds in vivo. Specifically, we studied the 
longevity of retrovirally transduced GFP producing marrow stromal cells in the collagen, 
ceramic and OPLA scaffolds in a Fischer344 rat implant model. 
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Figure 1. Sleeping Beauty transposon/nuclear entry based plasmid vectors. The plasmid vectors for 
gene delivery contain the Sleeping Beauty (SB) Transposon and transposase (SBT) and the nuclear 
localization signal from the SV40 virus.  pARSS contains a red fluorescent protein (RFP) marker protein 
and the pABSS vector contains a hybrid BMP-2/4 transgene.  A pARS control vector that contains 
BP3NLS-RFP and the SB Transposase but not the SV40DTS3 has also been prepared.   



 

  While we found that GFP expressing rMSCs survived on the collagen matrix for two to 
three weeks in vitro, we found that the majority of GFP-expressing rMSCs were gone from the 
scaffolds within one week in vivo.  In addition, GFP producing cells could not be found adjacent 
to the collagen scaffold within one week in vivo suggesting a rapid loss of GFP expressing cells 
from the implant but not into the surrounding tissue area. In addition we found that the collagen 
and OPLA matrices were degraded and disappeared within two weeks in vivo.  These results led 
us to consider the use of alternative scaffold material and immunocompromised mice for future 
implant studies. 

We also studied the cellular content (GFP-expressing rMSCs) of the collagen and ceramic 
scaffolds in detail. After loading collagen and ceramic scaffolds with GFP-cells and growing 
them in vitro for 7-14 days, the scaffolds were fixed with buffered formalin and sectioned. We 
found that GFP-rMSCs formed a layer on the scaffold surface but did not penetrate into the 
scaffold interior. This was true of both collagen and ceramic scaffolds. Similar results have been 
reported by others. For example, mineralization measured and quantitated by µCT only occurred 
on the surface of collagen disks implanted with mouse myoblasts expressing osteoinductive 
trangenes in vitro (13-15). Our results and the results of others prompted us to consider using a 
different, more readily populated matrix material to support growth of rMSCs or rCObs in three 
dimensions. Preliminary studies with PuraMatrix-hydrogel (BD Biosciences, Bedford, MA) 
resulted in growth of cells throughout the matrix and led us to consider using PuraMatrix 
hydrogel-based  or a similar Extracel-LG hydrogel-based (Glycosan Systems, Salt Lake City, 
UT) matrix for continuing studies. 

One of the main objectives of our work was to develop an efficient transfection protocol to 
introduce our plasmid vectors into rat marrow stromal cells or osteoblasts, to study 
osteoinductive transgene expression in vivo and compare the ability of plasmid transfected cells 
with retrovirally transduced cells to stimulate bone formation intro and  in vivo.  We developed 
plasmid vectors with the SV40DTS and Sleeping beauty transposon with marker and BMP-2/4 
transgenes to increase transfection efficiency in vivo and in nontransformed cells and to be 
incorporated into the genome for long term stable expression. We tested Nucleofector (Amaxa) 
based transfection reagents for plasmid delivery into rMSCs and rCObs based on high 
transfection efficiencies achieved with mouse MSCs and MC-3T3-E1 osteoblasts by other 
investigator’s. Amaxa’s Nucleofector T kit produced transfection efficiencies of 70-90% in MC-
3T3  osteoblasts and mMSCs. We tested the ability of Amaxa’s T kit to transfect rMSCs and 
rCobs. The T kit transfected  rMSCs with efficiencies up to 20% however 90% of the cell 
population did not survive at the voltages required to achieve higher efficiencies.  rCobs were not 
transfected at high efficiency with the T kit using a variety of voltages, pulses and DNA 
concentrations. However, we found that Amaxa’s fibroblast kit transfected osteoblasts with 10-
30% efficiency and that 30-50% of the cells survived. rMSCs, on the other hand, transfected with 
low (1-5%) efficiency and that the voltages required for even low efficiency transfection reduced 
cell survival to 10% or less. These results led us to consider using direct electroporation of 
rMSCs while in scaffold materials for our continued studies.  

Finally, we discovered that co-expression of Cox-2 and LMP-1 with BMP-2/4 of the three 
transgenes increased alkaline phosphatase activity in rMSCs and rCobs indicating increased 
differentiation of both cell populations in vitro. Because increased differentiation should lead to 
increased bone formation in vivo, in our continuing studies, we would like to co-express Cox-2 
and LMP-1 with BMP-2/4 to increase the osteoinduction/bone formation capacity of BMP-2/4 in 
our implant model after transgene delivery.   
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Figure 2. GFP-rMSC growth on collagen scaffold in 
vitro. Left panel: rMSCs were seeded on scaffolds and 
grown for 7-14 days in vitro before implantation. 
Fluorescent microscopy was used show GFP expression 
on collagen scaffolds. More cells were visible on the cell 
surface at day 14 compared to day 1 and 7. Right panel: 
rMSCs remaining on the surface and inside the collagen 
scaffold after 21 days in culture.  

 
B.  Detailed Progress 
1) Preparation and analysis of rMSC populated scaffolds in vitro. Collagen and ceramic supports 
were pre-coated with fibronectin by adding 100 ul of a 100 ug/ml solution to each dry scaffold in 
wells of a 24 well plate. The scaffold absorbed this solution completely. The scaffolds were 
incubated 1 hour before adding cells. Cells were trypsinized and filtered through a 40 µM nylon 

sieve (BD Bioscience) counted and 
added to each well as 400,000 cells in 1 
ml. This number of cells just covered 
the surface of the scaffold. After 3 
hours, 1 ml more media was added and 
the cultures were incubated with media 
changes for 7-21 days prior to analysis 
or implantation. Scaffolds were moved 
to new 6 well plates when cells began to 
populate the bottom of the tissue culture 
dish.  Before implanting, the scaffolds 
were examined by epifluorescence 
microscopy and GFP cells were 
observed on the surface of the scaffold 
(Figure 2).  Cells grew and expressed 
GFP for 14 days. At 21 days, the 
number of GFP expressing cells on the 
surface were reduced (Figure 2), 
therefore cells on scaffolds were 

implanted within 7-14 days of culture for in vivo studies. The number of cells on the interior of 
the scaffolds (collagen and ceramic). Very few cells were found at one, two or three weeks on 
the scaffold interior on either material. Figure 2 shows a representative illustration of GFP on the 
cellular interior at three weeks which is indicative of early time points as well.   

 When rMSCs were grown on 
ceramic scaffolds, cells expressing GFP 
grew well on the matrix surface for up to 
two weeks. At three weeks there was a 
reduction in GFP-expressing cells on the 
matrix surface and very few GFP-
expressing cells on the interior. 
Inspections of the matrix interior at one 
and two weeks resulted in similar cell 
numbers in the matrix interior (data not 
shown).  

These experiments led us to 
consider the use of other matrix materials 
that would better support growth of cells 
on the matrix interior. Because cells grew 
well on the exterior of the matrix we 
conducted several implant surgeries to 

3 da
surface

3 wk
surface

3 wk
interior

3 da
surface

3 wk
surface

3 wk
interior

 
Figure 3.  Growth of rMSC-GFP on ceramic 
scaffolds in vitro. rMSCs from Fischer 344 inbred rats 
were transduced with an MLV-GFP vector and seeded 
onto ceramic scaffolds. GFP expressing cells were 
grown for 3 weeks in vitro and the scaffold exteriors 
were inspected by fluorescent microscopy after 3 days 
and 3 weeks and the interiors were inspected at 3 
weeks. 
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Figure 4. Growth of MLV-GFP-rMSCs on scaffolds in 
vivo. MLV-GFP transduced rMSCs were grown on scaffolds 
(ceramic, collagen and OPLA) with or without coating with 
fibronectin for one week and then implanted subcutaneously 
in rats for 16 days. Implants were removed, cells visualized 
with fluorescent microscopy, then scaffolds were fixed, 
sectioned and stained with H& E.  

determine if GFP-expressing cells would survive on our inbred rat model. 
2.) Growth of rMSCs expressing GFP on scaffolds in vivo. rMSCs were grown on collagen and 
ceramic scaffolds for 3-7 days in vitro as described in section 4a) and implanted under the skin in 

inbred Fischer 344 rats. GFP 
expression in cells on the scaffold 
was assessed by epifluorescent 
microscropy and cell survival/bone 
formation was assessed by histology 
from 7-14 days after implantation of 
the matrix.  

i). Rat skin implant surgery. 
Fischer 344 rats, 13 weeks old, were 
anesthetized with ketamine and 
xylazine and four 0.8-1.2 cm 
incisions were made on the shaved 
back skin. Blunt dissection with a 
small hemostat was used to create a 
small pocket to the lateral side of 
each incision, then one scaffold 
(collagen, ceramic or OPLA 
containing rMSC-GFP cells) was 
inserted into each pocket. The 
incisions were closed with 3 stitches 
(3-0 non-resorbable) and the rats 
were allowed to recover in plastic 
cages on a warm pad before return 
to normal housing. Rats were 
monitored hourly until normal 
feeding was observed.  

ii.) Analysis of implanted 
scaffolds. Initial implant 
experiments with rMSCs to assess 
whether collagen scaffolds and 
attached cells would induce a 
significant inflammatory reaction in 
the host rat tissues were negative. 
After 14 days, the rats were 
euthanized with CO2 and the 
implants were dissected out and 
placed in PBS on ice. There were no 
indication of an inflammatory 
reaction in the implant sites. 

Because syngenic cells were used and implant scaffolds did not elicit an inflammatory reaction, a 
rMSC rejection raction was not anticipated.  
   Collagen, ceramic and OPLA scaffolds containing rMSCs grown for one week in vitro and 
were implanted as described. The scaffolds were removed at 7-14 days after implantation. 
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Figure 5. MLV-GFP rMSCs in hydrogel prepared by the drop method. 
rMSCs were  grown for 24 hours in DMEM/10%FBS and media was replaced 
with media containing either 0.15% or 0.25% PuraMatrix  that was dropped onto 
the adherent cells. Cells were grown culture for 24 or 96 hours and GFP 

Collagen and 
OPLA scaffolds 
were resorbed 
into the 

surrounding 
tissues by 14 days 
but could be 
identified at 7 
days but were 
infiltrated with 
blood vessels 
with 10-30% of 
the scaffold 
remaining.  The 
collagen scaffolds 
were also tightly 
incorporated into 

the overlying skin dermis layer and had some blood vessel growth. Krebsbach’s group reported 
(16) that blood vessels and marrow elements invaded gelfoam scaffolds (collagen based) that 
were loaded with mouse MSCs. The collagen scaffolds were not eroded in the 
immunocompromised mouse model that this group used.  

Only a few GFP positive cells were found on the scaffold surface and inside the scaffold 
(Figure 4).We found that very few GFP-expressing cells were visible on the surface or inside the 
matrices after 7 days in any of the matrices. GFP expressing cells could not be identified in the 
surrounding tissues. After fluorescent microscopy, the implants were fixed in 10% buffered 
formalin overnight and then sectioned to assess the cellular content in the matrix.  Each of the 
matrix materials were populated with cells. Because these cells did not express GFP, we 
concluded that the cells had invaded from surrounding tissues. Blood vessels appeared to 
infiltrate the collagen matrix but not the other matrices.  

In continued studies with the rat implant model with ceramic scaffolds, which were not 
eroded within 14 days in vivo, we found GFP rMSCs or rCobs did not remain at the surface or 
remain in the interior of ceramic scaffolds at 7 days.  

Our results and the results of Krebsbach’s group led us to consider the use of 
immunocompromised mice for additional in vivo studies. 

3.) Testing alternative scaffold materials. Our studies with collagen, OPLA and ceramic 
scaffolds suggested that rMSC and rCob cell viability was limited in vitro and especially when 
implanted in the scaffolds in vivo These findings led us to test other scaffold materials to better 
support the growth of three dimensional cultures that would support the viability and expansion 
of rMSCs and rObs in vitro and in vivo.  



 

Toward this goal, we conducted preliminary in vitro experiments with BD™ PuraMatrix™ 
Peptide Hydrogel matrix.  PuraMatrix Hydrogel is a synthetic matrix that is used to create 
defined three-dimensional (3D) microenvironments for a variety of cell culture experiments. This 
material is composed of a synthetic peptide containing four repeats of Arg-Ala-Asp-Ala and was 
recently reported to support differentiation and mineralization of mouse embryonic fibroblasts 
(17-19).  Under physiological conditions, the peptide component self-assembles into a 3D 
hydrogel that exhibits a nanometer scale fibrous structure that promotes cell attachment, but does 
not activate RGD-dependent integrin signaling.  The gel is biocompatible and devoid of animal-
derived material and pathogens and can be used in implant studies. The material can be dropped 
onto growing cells (drop method) or cells can be suspended with the hydrogel (encapsulation 

method) and placed in a culture dish. We cultured rMSCs with different concentrations of 
hydrogel under both conditions. Figure 5 illustrates growth of GFP-rMSC cultures 24 and 96 
hours after drop culturing. The cells did not grow well using this method and did not form three 
dimensional cultures. Figure 6 illustrates growth in hydrogel using the encapsulation method.  
MLV-GFP expressing rMSCs were grown in parallel two dimensional cultures for comparison. 
Cells grew into three dimensional cultures within 7 days using this method. These results 
indicated that hydrogel could be used as an alternative matrix to establish rMSCs with 
osteoinductive transgenes in the implant model. 

4.) Development of transfection procedures that will efficiently transfect non-transformed cells. It is well 
recognized that nontransformed cells are difficult to transfect with high efficiency. Amaxa’s 

 
Figure 6.  MLV-GFP transduced rMSCs in PuraMatrix-hydrogel. Cells were plated and grown in 
2-D culture or were suspended in PuraMatrix  by the encapsulation methods in wells of a 6 well plate 
for 24 h, 4 days or 7 days. 100,000 cells were encapusulated in 0.15% hydrogel/sucrose and dropped 
into the culture well. 2 ml of DMEM/10% FBS was added to the well for cell growth. Fluorescent 
microscopy was used to evaluate cell growth from 1-7 days.  
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Figure 7. Evaluation of transfection efficiency of rMSCs and rCobs with Amaxa’s Nucleofector 
reagents. Left and center panel: rMSCs (500,000-750,000 cells) were transfected with 2µg pmaxGFP 
plasmid vector using T kit nucleofector reagents. Transfection efficiency was determined by FACS 
analysis and was 15% using a 120V, 20ms square wave pulse. Transfection efficiency was 21% using a 
160V 20 ms square vave pulse, however cell survival was 30% of that obtained with the 120V pulse. 
Only 30% of the cells were viable with the 120V pulse. GFP expression was evaluated by fluorescent 
microscopy after 48 h.   
Right panel: rCobs (400,000-500,000) were transfected with 2 µg pMaxGFP plasmid using the 
Nucleofector fibroblast kit. rCobs were transfected at 10V increments between 130 and 170V using a 
20 ms square wave pulse. At 24 hr and 48 hr from 21-27% of the cells  were transfected as determined 
by FACS analysis.   

Nucleofector reagents have been used to transfect many nontransformed cell lines with high 
efficiency and members of our group have successfully transfected plasmid vectors in 
nontransformed mouse fibroblasts and osteoblasts with high efficiency. We tested two 
Nucleofector kits that worked well with mouse cells to determine if rat marrow stromal cells and 
osteoblasts could also be transfected with high efficiency.  Our group determined that Amaxa’s T 
kit with the pMaxGFP optimized vector transfected MC3T3 osteoblasts with 70-90% efficiency 
while Amaxa’s fibroblast kit transfected mouse marrow stromal cells with 80% efficiency using 
the GenePulsar (Biorad). We tested the ability of Amaxa’s T kit with the pMaxGFP vector to 
transfect rMSCs. Early passage rMSCs (500,000) were transfected with 2µg of pMaxGFP vector 
using the T kit using a 20 ms single square wave pulse with voltages ranging from 120-160V in a 
2 mm cuvette. GFP expression was followed for 48 hours.  120V transfection provided 30% cell 
survival with a transfection efficiency of 15% while cells transfected at 170V resulted in 15-20% 
cell survival with 21% transfection efficiency. rCobs did not transfect with high efficiency with 
the T kit at any of the voltage conditions tried.  

Early passage rCobs (500,000) were transfected with 2 µg of pMaxGFP vector using the 
fibroblast kit as recommended by Amaxa.  A 20ms pulse between 130-170 volts was applied.  



 

 
 
Figure 8. Evaluation of transfection efficiency of rCobs with the pARSS vector. 500,000 rCobs 
were transfected with Nucleofector fibroblast kit reagents, 5µg pARSS at 160V with a 20ms pulse in 
a 2 mm cuvette. Cells were cultured for three weeks and RFP expression in the nucleus was assessed 
by fluorescent microscopy.  
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Figure 9. Multiple transgene overexpression is superior 
to single transgene overexpression in stimulating ALP 
activity in rCobs. To test the hypothesis that BMP-2/4 
would be more osteoinductive in the presence of LMP-1 or 
cox-2 or both, we cocultured rCobs that had been 
transduced with either MLV-BMP-2/4, LMP-1 or Cox-2. 
Cultures were seeded in a ratio of 50:50 to test two 
transgenes and in a ratio of 30:30:30 to test the three 
transgenes. An untransduced control culture was also grown 
for 5 days. Cells were washed and lysed for total protein 
determination and for ALP activity measurements.

50-70% of the cells survived and transfection efficiencies ranged from 21-34%. 160V optimally 
delivered plasmid DNA into rCobs with the fibroblast kit with 50% cell survival. The fibroblast 
kit did not deliver DNA into rMSCs using the same conditions.  

After identifying Nucleofector reagents that transfected at least 20% of each cell 
population, transfections were conducted with pARSS, the RFP expressing plasmid vector with 
nuclear entry sequence SV40DTS and sleeping beauty transposon SBT (Figure 1).  A dose 

response experiment was conducted 
with 2, 4 and 6 µg pARSS vector 
with the fibroblast kit at 170V, 
20ms pulse, in rCobs. Four and six 
micrograms of plasmid DNA 
resulted in the highest transfection 
efficiencies. Five micrograms of 
plasmid DNA were used for 
additional experiments.  Expression 
was monitored from 24-5 days.  
Transfection efficiencies ranged 
from 1-5% and expression 
continued for 3 weeks.  While 
transfection efficiencies up to 34% 
could be obtained with the 3.8 kb 
pMaxGFP vector provided by the 
manufacturer, efficiencies with our 
9kb pARSS vector was much lower. 
Transfection of the pARSS vector 
into rMSCs with the T kit was less 
than 1% using conditions optimal 
for transfections with pMaxGFP 
(data not shown).   

 



 

These disappointing results prompted us to consider electroporation experiments of cells 
in support materials (puraMatrix) with electrodes or directly into bone tissues in vivo using 
needle, twizzer, paddle electrodes  to introduce plasmid DNA for continuation studies. We are 
proposing changes in the technical objectives to more effectively test our plasmid vectors. 

 
6.)  rat Calvaria Osteoblasts (rCobs) transduced with retroviral BMP-2/4, LMP-1 and Cox-2 
vectors.  ALP activity was not extensively increased after transduction with the MLV-BMP-2/4 
(~2 fold above control in rCobs. To increase ALP activity, an indicator of bone formation in 
MSCs and Cobs, we tested the hypothesis that combinations of BMP-2/4, LMP-1 and Cox-2 
overexpression would have synergistic effects on induction of ALP activity. Cox-2 has been 
shown to increase ALP activity in rCobs and LMP-1 has been shown to increase osteocalcin 
production in rCobs.  rCob cells transduced with each of the MLV-expression vectors and were 
mixed in equal numbers and plated in 6 well plates (eg. LMP1 + BMP, etc).  After 5 days ALP 
activity was determined (Figure 9).  In this experiment, BMP2/4, cox-2 and LMP-1 
overexpression by themselves modestly increased ALP activity above control.  The combination 
of BMP2/4 + Cox-2 transduced cells increased ALP further in rCobs.  For unexplained reasons, 
mixing LMP-1 transduced cells with Cox-2 expressing cells did not increase ALP activity 
compared to Cox-2 or LMP-1 alone.  Importantly, the combination of BMP-2/4, LMP-1 and 
Cox-2 increased ALP activity more than any transgene alone or any transgene combination.  
These results led us to consider transductions or transfections with multiple transgenes (BMP-
2/4, LMP-1 and Cox-2) in our continuation studies to increase bone formation in vitro and in 
vivo. 
 

Key Research Accomplishemnts 
• We did not find GFP-expressing rMSCs or rCobs on the collagen or ceramic scaffolds  

(within 7 days) after transplantation under the skin in our rat model.  
• This result led us to reinvestigate the survival of rMSCs and rCobs on scaffolds in vitro. 

We found that rMSCs and rCobs do not divide and populate the interior of either the 
collagen or the ceramic scaffold in vitro.  

• This result led us to investigate other scaffold materials that might support the growth of 
cells inside a three dimensional matrix.  

• We found that PuraMatrix- a peptide based hydrogel, a novel synthethic nanofiber 
scaffold supported the growth of encapsulated MLV-GFP transduced rat marrow stromal 
cells. This matrix material could be substituted for collagen, ceramic or OPLA scaffolds 
to increase the number of cells delivered in our implant model.  

• Gene delivery of plasmid vectors into rCobs with Nucleofector-based transfection 
reagents (fibroblast kit) transfected up to 34% of the cells under optimal conditions with 
50% cell survival. Effectene (Qiagen) reagent provided transfection efficiencies of 1-5% 
in rCobs. These results prompted us to test our SV40DTS/SBT based vectors and 
determine transfection efficiency with Nucleofector reagents. 

• The pARSS plasmid vector was delivered with up to 15% efficiency to rCobs with the 
fibroblast kit using the same transfection conditions as with the smaller pmaxGFP vector 
supplied with the kit.   Red fluorescent protein was expressed for up to three weeks in the 
cultured cells. While long term expression was obtained with our vectors, conditions used 
to optimize transfection of a smaller vector (pmax GFP, 3.8 kb), might not be optimal for 



the larger pARSS vector (9.8 kb).  Additional studies will be required if we continue to 
use nucleofector reagents for transfection. 

• rMSCs were transfected with the Nucleofector fibroblast kit and T kit. Cell survival 
varied but reached only 10% at voltages that resulted in up to 15% transfection 
efficiency.   

• Nucleofector Kits that work with marrow stromal cells from mice do not provide the 
same transfection efficiencies or cell survival rates with rat cells. Nucleofector reagents 
cannot be used to deliver transgenes to rMSCs for in vitro or in vivo studies. 

• Coexpression of Cox-2 and BMP-2/4 and LMP-1 and BMP-2/4 from MLV transduced 
cocultured cells increased the level of ALP activity in rCobs.   

• Coexpression of Cox-2, BMP-2/4 and LMP-1 increased ALP activity in an additive 
manner and use of multiple transgenes should be considered for stimulation of bone 
formation in an implant model. 

 
Reportable Outcomes 

None at the present time.  
 

 
Conclusions 

• The use of ceramic and collagen scaffolds allows growth of rMSCs and rCobs only on 
the matrix surface and not inside. Cells that populate the scaffold surface did not survive 
in vivo. The number of cells transplanted and the survival of cells must be increased to 
have a successful transplant model. 

• Cultured cells on scaffolds do not survive in vivo in Fisher 344 rats. Therefore further in 
vivo studies may be improved by using immunocompromised animals (NOD/SCID mice 
model) for implanting transfected rMSCS and rCobs or mouse MSCs and Cobs. 

• Nucleofector reagents that increase transfection efficiency to 70-90% in mouse osteoblast 
and marrow stromal cells result in transfection efficiencies of 1-30% in cultured rat 
osteoblast and marrow stromal cells. This transfection efficiency is not adequate for 
comparison of plasmid transfected and virally transduced cultures which can be 
transduced with 80-90% efficiency.  

• Additional studies using direct electroporation of scaffolds with cells or tissues with 
plasmid DNA to introduce plasmid vectors should be tested based on published studies 
showing that eletroporation of nuclear entry vectors into lung tissue, corneal tissue and 
muscle is very effective in animal models (2, 3, 20)    . 

• The use of combinations of transgenes (cox-2, LMP-1 and BMP-2/4) may provide a more 
effective osteoinductive gene therapy than BMP-2/4 transgene alone. 
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C. SUPPORT SERVICE FACILITIES 
Project 9 
Progress Report – Administrative Support Service Facility 
 

Introduction 
 
The research proposed in this application will be performed within the Musculoskeletal 
Disease Center (MDC), which is a large, multi-disciplinary research center consisting of 
more than 70 scientific and technical staff members, including 15 senior investigators with 
diverse expertise and research training. Of the 70 staff members, 43, including 13 senior 
investigators, are currently working on the Army projects. Strong administrative support is 
needed for organizing, coordinating, facilitating, and monitoring the research supported by 
the Army projects and is absolutely essential for the success of such a large, dynamic, and 
expanding research program. Consequently, the primary responsibility of this Administrative 
Support Service Facility is to support the administrative needs of the investigators supported 
by this Army grant. Moreover, synergistic interactions and collaborations between the 
investigators of the Army grant and other investigators of the MDC, as well as other 
investigators at local academic institutions and research organizations, such as Loma Linda 
University (LLU), Loma Linda Veterans Association for Research and Education 
(LLVARE), Loma Linda VA Medical Center, the University of California at Riverside, and 
the City of Hope, would enhance the productivity of the Army projects. Accordingly, the 
secondary objective of this Administrative Support Service Facility is to provide and 
stimulate interdepartmental, interdisciplinary, and inter-institutional dialogue and to improve 
the existing interactions and productivity between various investigators of the local 
institutions and organizations in musculoskeletal research 
 

Body 
 
Technical Objective 1: 
 
To continue to provide a stimulating and supportive environment for Investigators 
supported by the Army grant that is conducive to focusing on bench research work so 
that administrative responsibilities are reduced. 
Our Administrative Support Staff work with the investigators on these awards to keep them 
apprised of ongoing budgetary issues; to facilitate supply and equipment purchasing 
decisions; to order supplies and equipment; to prepare manuscripts for publication; to retrieve 
journal articles from the library; to prepare paperwork for submission to oversight 
committees; to organize meetings; to help with recruitment; and to help facilitate the 
preparation of progress reports. Maintaining a strong administrative support team has been 
critical to the success of our scientists. During the second year of the award for this project, 
our scientists have published 7 articles and 5 abstracts. The total number of publications for 
our group since 2000 is 42 plus the 34 abstracts published in the past year. 
 
Regular weekly or bi-weekly meetings are convened at which our senior investigators (Drs. 
Mohan, Lau, Strong) discuss scientific issues related to the fulfillment of the specific 



 

objectives of all of our Army funded projects. In order to insure that all of the scientific work 
of our current Army awards remains on track and progress toward meeting the specific 
objectives of each of our awards is being met, these regular meetings are essential.  Our 
current awards include: DAMD17-99-1-9571; DAMD17-01-1-0744; DAMD17-02-1-0685; 
and DAMD17-03-2-0021. 
 
Technical Objectives 2: 
 
To continue to serve as the necessary and essential Support Service in order to 
stimulate interdepartmental, interdisciplinary, and inter-institutional dialogue and 
enhance the existing interactions and productivity between various investigators of 
LLU, Loma Linda University Medical Center, and LLVARE in musculoskeletal 
research.  
Weekly staff meetings are held for all Musculoskeletal Disease Center (MDC) staff. When 
scientific issues are presented at the MDC staff meetings, these meetings are open to other 
investigators from Loma Linda University (LLU) as well as other VA and LLVARE 
investigators. Senior Investigators give talks on new technologies and areas relevant to the 
Army funded projects. Likewise, MDC investigators are invited to meetings of various 
research groups at LLU, the City of Hope and, periodically, the University of California 
Riverside (UCR). We invite expert scientists from other institutions to give talks on issues 
relevant to our Army funded research. This sharing of ideas with investigators from other 
institutions has proven to be very important. 
 
 
Technical Objective 3: 
 

The Core Facility “user” committee” will continue to evaluate the service rendered by 
each of the support service facilities. This information will then be provided in written 
form to the director of the corresponding support services facilities.  
The end users evaluate the performance of our Informatics/Microarray, Vector, and 
Phenotype Core facilities on an ongoing basis and report to the Principal Investigator if any 
problems in service are found. Suggestions for improvement are discussed with the 
individual leaders of the Support Facilities as well as at general Staff Meetings. No major 
problems have been reported with any of the Core Facilities in the past year. 
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Project 10 Phenotype Services. 
 
 

Introduction 
 
 The major technical objective for this phenotype support service facility will be to 
receive samples, perform the appropriate measurements on these samples, and then 
transfer all the data electronically to the corresponding investigator.  Specific objectives 
include:   
 1. To assist investigators in the design of studies involving given phenotypes.  
 2. To perform measurements as requested by the investigators on the samples 
provided. 
 3. To follow the development of emerging technologies in the literature and at 
meetings and make recommendations to investigators regarding the possibility of 
adopting some of these new technologies in the phenotype support service facility.  
 

Body 
 

1. To assist investigators in the design of studies involving given phenotypes.  
 
 
Project 1. Studies on Genetic Regulation of Digit Tip Regeneration.  
 
a. Development of laminum staining for identification of basement memebrane under the 
epidermal cell layer. Because the disruption of the basement membrane may be an 
important part of limb regeneration. Therefore good methods for the demonstration of 
basement membranes at the regeneration site will be important. Previously we have 
tested several methods for determining basement membranes including  immunostaining 
for type IV collagen,  and silver staining for reticulin fibers. These methods gave variable 
staining for the basement membranes under the epidermal cell layer of the skin. Laminum 
is one of the components of the basement membrane. We have previously established that 
laminum immunostaining as an excellent way to outline muscle fiber bundles. Staining in 
digit tip samples with a 1:50 dilution of stock anti laminum antibodies (a concentration 
that works well with skeletal muscle samples) resulted in highly overstained digit tip 
samples. Further testing of lower concentrations of antibody showed that dilution of the 
antibody 1:600, still resulted in staining of the epithelial membrane while minimizing 
staining of other structures. 
    
Project 4. The Application of Transgenic Mice To Assess Gene Function In 
Mechanical Loading And In Bone Fracture Healing Models  
 
a. Transgenic mice to assess gene function in mechanical testing and bone fracture. 
Transgenic mice with Leptin, Bax or Serpine gene knockouts are being studied to 
determine the influence of these genes on mechanical testing and bone fracture. 
Evaluation of fracture healing is being done by pQCT densitometry and faxitron x-Ray 
analysis. Because fracture healing involves the addition of a cancellous bone bridge on 



 

the periosteal surface, the thresholding parameters for the pQCT analysis have been 
adjusted to identify total callus and mineralized callus or bone. This threshholding is 
based on our previous methods study.  
 
b. Bone samples from mice with healing fractures have been processed for bone histology 
and histomorphometry. Bone samples are demineralized in EDTA and embedded in 
paraffin. Longitudinal sections through the fracture site are prepared and stained with 
H&E, Van Geisen Trichrome stain, or Mason’s trichrome stain. Cartilage is determined 
by Safranin-O staining. 
 
Project 6.  Systemic Gene Therapy for the Skelton  
 
a. We have explored and reported on a number of technical approaches to identifying 
bone cells that express the green fluorescent protein (GFP) as well as osteoblastic 
markers such as alkaline phosphatase. These approaches have identified cells with these 
properties but have not been satisfactory for quantitation.  A new method for identifying 
the osteoblastic marker, alkaline phosphatase activity has recently been introduced. This 
is a fluorescent method. It has the advantage that the GFP and alkaline phosphatase could 
both be determined fluorescently. The alkaline phosphatase substrate is ELF97. It is a 
naptholic phosphate ester that becomes fluorescent and insoluble when the phosphate is 
hydrolyzed off. Determination of phosphatase is straight forward. The ELF97 is 
dissolved in an alkaline buffer and the resulting substrate solution applied to the slide. 
With bone sections with preserved alkaline phosphatase activity activity is evident within 
minutes. If monitered under a fluorescent microscope, the incubation time can be 
optimized. The reaction is terminated by rinsing off the slide. The optimum microscope 
filter set required for viewing the fluorescence is different for the two agents. Comparison 
between GFP and alkaline phosphatase can be done by flipping between filter sets.   
Studies to explore this approach are ongoing. 
 
  2. To perform measurements as requested by the investigators on the 
samples provided. 
 
Subproject 1 
 
Samples of paws from several mouse strains and several time points have been processed. 
Paraffin sections have been prepared and stored for future work. These sections have 
been used for the development of immunostaining protocols and other staining 
techniques.    
 
Subproject 2. 
 
Bone samples from mutant lines identified in the ENU screening project have been 
processed for bone histology and bone histomorphometery. The samples were from 
animals injected with fluorescent tetracycline or calcein labels so that bone formation 
measurements could be done. Thick cross sections of undemineralized femurs were 
prepared from methyl methacrylate embedded samples. Measurement of fluorescent label 



 

lengths and separation were made. Bone formation rates at the endosteum and periosteum 
were calculated using standard histomorphological calculations. 
  
Subproject 4 
 
a. Bone Sections from Leptin Bax and serpine knockout mice have been prepared and 
stained. Samples include fractured and unfractured bones at various times after fracture. 
Samples were demineralizedin EDTA, processed in a tissue processor, embedded in 
paraffin and sectioned. Sections are stained for H&E, Mason's trichrome, Van Geisens, 
and Saffranin O. The Saffranin O stained sections were used to follow the development 
and loss of cartilage during fracture repair. Samples were also evaluated for bone 
resorption by staining for tartrate-resistant acid phosphatase an osteoclast marker. The 
tunnel staining method for demonstration of apoptosis has been established in the core 
laboratory and is being used to evaluate apoptosis in BAX knockout mice. 
 
b. Bone density and bone geometry measurements have been made by pQCT and 
Faxitron X-Ray analysis to establish basal values and to follow fracture healing. The 
instrument threshold settings must be done carefully because of the deposition of low 
density "woven bone" at the fracture repair site. 
 
Subproject 6.  
 
a. Bone samples from mice treated with GFP labeled hematopoietic stem cells are being 
processed for histological evaluation in the Phenotyping laboratory. Histological 
processing includes both frozen and paraffin embedded sections of bone and soft tissues.  
  
b. Bones are also being evaluated for bone formation by analysis of density and geometry 
by pQCT analysis. 
 
 3. To follow the development of emerging technologies in the literature and 
at meetings and make recommendations to investigators regarding the possibility of 
adopting some of these new technologies in the phenotype support service facility.  
 
Subproject 1. We continue to review the literature and attend presentations related to 
wound healing.As described above we have added a method to identify the basement 
membrane under epithelial cells using immunostaining for laminin. This method 
identifies the basement membrane more clearly. The concentration of the antibody is 
critical and must be optimized for each batch of enzyme. 
` 
Development of new technologies.  
 
a. Evaluation of new technologies includes literature review and attending lectures. We 
again attended the workshop "non-invasive Assessment of Trabecular Bone 
Microarchitecture Working Group" given at the American Society of Bone and Mineral 
Research Meeting in Philadelphia.   
 



 

b. MicroCT.  
We are continuing to monitor the development of MicroCT equipment. AS previously 
reported the Scanco instrument includes the determination of bone density. Other 
companies are adding this feature. 
 
c. Analytical methods for generating trabecular bone parameters from microCT scans are 
continuing to evolve. Analytic approaches can sharpen the images obtained and reduce 
the scan time.  This is important for in vivo scanning where radiation exposure is a 
limiting factor for longitudinal studies. However equipment costs remain high. 
 
d. The FE methods for estimating trabecular bone strength from microCT measurements 
have been largely validated. Mechanical testing are consistent with the models generated 
by FE modeling techniques. This is especially important for human studies where 
estimates of bone strength should improve our understanding of the effect of therapeutic 
treatment in osteoporotic subjects. 
  
e. MRI.  
Improvement in the instrumentation for micro-MRI on small animals are continuing. 
These do require greater capital investment in higher field strength instruments. Clinical 
instruments are also improving and a few clinical studies are underway with this non-
invasive technology. Attempts are also being made to get better standardization among 
manufacturers so that data obtained on different instruments can be compared. 
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Progress Report 

Project 11.  Microarray & Informatics Support Services 

Introduction 

As a result of the sequencing of the human and mouse genomes there has been a 
tremendous increase in discovery of novel genes with unknown functions.  It is important 
to next interpret and determine the function and genetic pathways of the large amounts of 
sequence information now available.  One powerful method of determining unknown 
gene function and genetic pathways is by microarray expression profiling.  Microarrays 
(also called DNA chips) are glass or plastic substrates on to which known sequences of 
DNA have been synthesized or spotted.  Fluorescently labeled RNA from different 
biological samples are hybridized to their complementary sequences on the microarrays. 
The resulting fluorescent intensities are quantified and data analysis performed to 
determine expression levels of RNA transcripts.  Thus, microarrays allow for the 
experimental analysis of many genes in a single experiment, and one can compare 
expression levels of genes over several timepoints and different biological or disease 
conditions.  Comparing these expression levels gives clues to gene function and is a very 
powerful method of discovery.  Project 11 of this grant had the goal to upgrade and 
improve the microarray and informatics support services in the Musculoskeletal Disease 
Center.  Following are the technical objectives: 

Body 

1. Technical Objectives: 

Following are the specific objectives during the second year of the grant period: 

Technical Objective 1: To provide technical service. 

Technical Objective 2: To provide education. 

Technical Objective 3: To update on recent advances. 

2. Progress on Technical Objectives 
Technical Objective 1:  To Provide Technical Service 

In the past year in order to improve the technical service of the microarray support 
service, we upgraded our Genetix Q-Array-2 robotic spotting pins to 50 micron silicon 
pins.  These pins have highly precise volumetric uptakes of as little as 25 nanoliters. The 
pins also have the ability to print completely to dryness.  Both of these advantages have 
greatly reduced waste of our expensive oligo spotting libraries.  The use of these pins has 
also greatly improved the quality of our manufactured arrays.  The pins make arrays with 



 

very uniform spots and with little to no bleeding through from one spot to another.  
Figure 1A demonstrates an actual microarray RNA hybridization of a chip with over 
38,000 spots manufactured using these new pins.  Figure 1B is a magnified image of one 
of the 48 fields spotted by one of the 48 silicon pins. 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1A.  → 
Microarray image of over 38,000 
spotted oligos using 48 silicon pins 
(50 micron tip size) from Parallel 
Synthesis Technologies.  Note the 
uniform printing shown in all 48 
printing fields. 

Figure 1B.  ↓ 
Close up image of a single printing 
field.  The printed oligos show 
uniform size and good circular 
morphology.  The data is from an 
actual labeled RNA hybridization 
sample and the variation in 
intensity corresponds to normal 
variation in RNA expression. 



 

 

Specific Objective 2.  To provide education. 

Conferences and Continuing Education 

 The advances described are developed as a result of learning new methods and 
technologies from networking and scientific conferences attended by scientists in the 
MDC.  Following is a list of conferences attended and talks given by scientists in the 
MDC. These conferences led to improvement and incorporations of state of the art 
technologies in the Microarray Laboratory and Informatics Support Services: 

Latest Technologies and Development Conferences attended by Dr. Subburuman Mohan: 
• The Endocrine Society, 88th Annual Meeting, June 24-27, 2006, Boston, MA 
• American Society for Bone and Mineral Research, 28th Annual Meeting, Sept 15-

19, 2006, Philadelphia, PA 
• International Congress Of Growth Hormone And Insulin-Like Growth Factor 

Research Societies, 3rd International Meeting, Nov 11-15, 2006, Kobe, Japan. 
 

Latest Technologies and Development Conferences attended by Dr. Robert Chadwick: 
• American Society for Bone and Mineral Research, 28th Annual Meeting, Sept 15-

19, 2006, Philadelphia, PA 
 
Latest Technologies and Development Conferences attended by Dr. Hongrun Yu: 

• American Society for Bone and Mineral Research, 28th Annual Meeting, Sept 15-
19, 2006, Philadelphia, PA 

 
Also, the microarray and informatics support services have trained and assisted 

multiple investigators in the MDC with their microarray experiments and data analysis. 
 

Technical Objective 3: To update on recent advances. 

In past 12 months we have upgraded our microarray analysis software to 
GeneSpring GX Version 7.3.1.  The software allows for faster access to and visualization 
of biological relevance through the incorporation of full-gene ontology information. This 
also allows researchers to quickly determine if a gene is a member of a specific molecular 
pathway, and whether a subset of genes with altered expression are enriched with genes 
that are in a particular molecular pathway.  The new software also provides higher 
confidence in the microarray expression results through volcano and box plot 
visualizations.  Other new features of the software are an improved error model for two-
color microarray hybridization data. 

The combination of new pins for spotting of our microarrays and recent software 
upgrades has led to both improved microarray manufacture and better more reliable 
microarray data analysis for researchers in the MDC. 

 



 

 
 

Key Research Accomplishments 
 

• Increased the quality of manufactured arrays through the use of 50 micron silicon 
printing pins. 

 
• Increased oligo library life through the reduction of waste from print blotting and 

printing to complete dryness with the silicon pins. 
 

• Improved microarray analysis results by the use of GeneSpring GX Version 7.3.1 
expression analysis software. 

 
• Trained multiple investigators in informatics and microarray data analysis. 

 
Reportable Outcomes 

None. 
 

Conclusions 
 
1)  The technical objectives (1) To provide technical service; (2) To provide 
education; and (3) To update on recent advances have been achieved. 
 
2)  The microarray and informatics support services have improved microarray 
quality and improved microarray analysis results in the Musculoskeletal Disease Center. 
 
3)  The improvements made to the microarray and informatics support services will 
expedite and advance research into gene discovery, function and genetic pathway 
analysis in the MDC. 
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PROJECT 12: VECTOR SUPPORT SERVICE 
 
 

Introduction 
 

The Vector Support Service Facility is a dynamic resource for materials and technical 
expertise involving gene transfer and gene therapy.  In 2006, we developed and produced viral 
vectors, especially retroviral vectors that are based on Moloney murine leukemia virus (MLV) 
and human immunodeficiency virus (HIV) for Investigators working on the projects supported 
by the Army.  

There were three specific objectives for this subproject:  
1. To serve as a dynamic resource to construct and provide vectors for delivery and 

expression of appropriate genes for Investigators supported by the Army grant. 
2. To serve as an educational resource, providing technical assistance and training to 

Investigators in the use of viral and non-viral vector gene delivery and gene expression. 
3. To improve and expand vector systems available to Investigators as gene transfer 

technologies advance. 
   

Body 
 

Specific objectives for the third year of funding period 
• Specific Objective 1: To assist investigators in the design of and to provide with 

appropriate research-grade viral or plasmid vectors. 
In 2006, the Vector Support Service continues to produce VSV-G pseudotyped MLV-

based and HIV-based vectors for various investigators working on projects supported by the 
Army.  Specifically, 1) in collaboration with Dr. Rundle (sub-project 4), the facility generated 
various batches of concentrated VSV-G pseudotyped MLV vectors expressing different growth 
factor or control genes that have been used successfully in animal experiments.  These growth 
factor or control genes included β−galactosidase (β-gal), enhances green fluorescent protein 
(EGFP), bone morphogenetic protein-4 and its derivatives (BMP-2/4), LMP proteins with HA 
tag (LMPHA), and cyclooxygenase (Cox-2).  2) In support of the sub-project 6, the facility 
generated three different batches of HIV-based vectors for use in the study of systemic gene 
therapy of musculoskeletal diseases. These HIV-based vectors contain FGF-2 genes and genes 
derived from FGF-2.  Since the FGF-2 gene can promote cell proliferation, each HIV-based 
vector was harvested and concentrated, tested for potential contamination of recombination 
competent retrovirus (RCR) within the preparation.  None of these HIV-based vector 
preparations has shown RCR contamination in our assay system.  The results have been 
submitted to and approved by the Biosafety committee and Animal care and use committee.  3) 
In support of the sub-project 7, the facility produced different batches of concentrated MLV-
based vectors, expressing β–gal, BMP2/4, and Cox-2 genes, respectively.  4) In collaboration 
with Dr. Strong (sub-project 8), the facility produced several different batches of concentrated 
VSV-G pseudotyped MLV vectors, expressing β–gal, BMP, Cox-2, LMP-HA, and IGFBP6 for 
her experiments.   

 
 
 



  

   

• Specific objective 2: To provide education, tutorials, practical training, technical 
assistance, and protocols to Investigators for the experimental use of gene transfer 
vector. 

Dr. Chen (the director of the Vector Support Service) gave one lectures in J.L.Pettis 
VAMC, Musculoskeletal Diseases Center during the past year. The lecture was designed to 
educate and tutor Army projects investigators in viral gene transfer technology, more 
importantly, to address the safety issues concerning the use of viral vectors in gene transfer and 
therapy.   
 
• Specific Objective 3: To evaluate emerging technologies and develop improved viral 

and plasmid vectors, as appropriate, for more efficient and effective gene transfer. 
 

a) Development of inducible MLV-based vectors for bone disease gene therapy. 
Previously, we have developed a doxycycline inducible retroviral vector, pGYT-EGFP, 

based on an improved tetracycline induced expression system.  We have tested the vector in 
HT1080, 293T, Rat marrow stromal cells and rat skin fibroblasts and the induction of the marker 
gene expression is around 10-40 folds dependent on the cell lines used.  In this year, we further 
investigated the induction of the inducible vector in other cell lines. 

One of application for the inducible vector is to use it in musculoskeletal cells.  Therefore, 
within this quarter, we tested the expression of the inducible retroviral vector, pGYT-EGFP in 
human bone cells (HBC), mouse osteoblast cells (MC3T3), Rat marrow stromal cells (RMSC), 
mouse macrophage cell line (Raw) and mouse muscle stem cell line (C2C12).  We plated the cells 
in 6 well plates with 1 X105 cells per well.  After over night incubation, 200µl of pGYT-EGFP 
vectors (viral titer around 1 X 107 tfu/ml, MOI around 10) were added to the cells in duplicated 
wells.  After another overnight incubation, the medium of one of the wells was replaced with 
doxycycline containing medium (1µg/ml).  After additional 48 hr of incubation, the cells were 
harvested and analyzed by flow cytometery.  The results are summarized in Table 1. 

Table 1 
Cell Types Types of 

Media 
% GFP(+) 

Cells 
Mean 

Intensity 
Fold 

Induction* 
Regular 52.7 1294 1.0 HBC 
+Doxy 83.3 5465 6.7 
Regular 49.8 295 1.0 MC3T3 
+Doxy 72.3 3975 19.6 
Regular 41.6 464 1.0 RMSC 
+Doxy 38.0 4063 8.0 
Regular 71.2 601 1.0 Raw 
+Doxy 99.8 5076 11.8 
Regular 38.7 607 1.0 C2C12 
+Doxy 93.3 3259 12.9 

*Fold induction is calculated by comparing the value of mean intensity multiple by the percentage of the 
positive cells.  We selected the value from regular medium as 1.   

 
From these results we concluded the new tet-on system can be used in all the cells checked.  

The inductions range from 6.7 to 19.6 folds.  Since the MIO used in this experiment in rather 
high (MOI~10), we expected expression is saturated in some cells.  Therefore, the fold induction 



  

   

may be under estimated.  Applications of this vector in bone disease gene therapy are in 
progress. 

In collaboration with Drs. Lau and Hall in MDC, we have demonstrated Sca1+ cells based 
transplantation strategy with modified FGF-2 gene can induce endosteal trabecular bone 
formation.  However, we also found several adverse effects with high FGF-2 expression.  These 
problems include depletion of serum calcium level, high level of serum PTH and incomplete 
mineralization of trabecular bone.  We hypothesize that the use of an inducible promoter to 
regular FGF-2 expression in the engrafted cells would optimize the bone formation and minimize 
the adverse side effects.  Within this quarter, we tested the pGYT-EGFP vector in HT1080 cell 
and Sca1+ cells under a range of doxycycline concentration.  We transduced Sca1+ cells with an 
inducible vector (pGYT-EGFP) or a regular vector (pY-EGFP) with MOI around 6.  We also 
transduced HT1080 cells with same vectors with MOI around 1.5.  After the transduction, the 
cells were exposed to a range of doxycycline (1-2000ng/ml).  Seventy-two hours after trans-
duction, the cells were analyzed by flow cytometery.  The results were summarized in figure 1. 

Figure 1  (A)      (B) 
 
 
 
 
 

 
  
 
 
 
 
 
 
 
 
Figure 1 (A) HT1080 cells were transduced with MLV-based vectors containing the GFP 

gene under the control of either a constitutively expressing promoter (solid dots) or doxycycline 
inducible promoter (open dots).  Cells were cultured in different concentrations of doxycycline 
(1-2000ng/ml). Seventy-two hours after incubation, the cells were assayed for GFP by flow 
cytometery.  (B) is the same as the part (A) except the Sca1+ cells were used. 

 
As shown in figure 1, the expression of GFP in the doxycycline inducible promoter can 

reach the full induction under 1000ng/ml of doxycycline.  The level of expression of inducible 
promoter is stronger than the MLV-LTR viral promoter in both HT1080 cells and mouse Sc1+ 
cells.  We also tested a similar construct with modified FGF-2 gene.  We found FGF-2 level in 
the conditioned medium of Sca1+ cells transduced with the modified FGF-2 gene under the 
control of the doxycycline inducible promoter was 10-fold higher in the present of 1000ng/ml 
doxycycline (48.3+2.6pg/ml vs. 467.5 + 71.6 pg/ml).  These constructs will be used in the future 
collaboration with Drs. Lau, and Hall in MDC. 
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b) Develop inducible HIV based vectors for expression of therapeutic genes for bone 
formation and bone repair 

Previously, we have constructed tetracycline inducible MLV-based and HIV-based 
vectors.  We found tetracycline inducible MLV-based vectors can conditional express the gene 
of interest.  Under inducible condition, the express level is higher than then regular MLV LTR 
promoter and the expression level is more than 10-fold higher than in the un-inducible condition 
in the most of cell lines tested.  However, under the similar scheme, the gene expression level in 
HIV-based vectors is much lower and we only can achieve 2-3 fold induction.  Within this year 
we designed a new HIV-based inducible vector for conditional expression gene-of-interest, 
through different configuration.  In our original tet-on HIV-based vector, pHIV-GYT-EGFP, 
transcriptional factor, GYT and the inducible expression cassette are in the same vector.  The 
functional arrangement of this vector is shown in figure 2.  In this vector, CMV promoter drives 
the transcriptional factor, GYT and it is near to the tetO promoter.  This arrangement can have 
two potential problems.  First, the strong enhancer activity of CMV promoter may interfere with 
TetO promoter and subsequently increases the back ground expression of the gene-of-interest 
under suppress condition.  Second, the strong transcription of CMV promoter may interfere with 
TetO promoter under inducible condition, since these two transcripts are in the same orientation.  
The arrangement of the vector doesn’t have a transcription stop signal between these two 
transcripts.  Therefore the strong transcription of CMV may suppress the expression of TetO 
promoter under inducible condition.  To test this hypothesis, we separated these two transcripts 
into two separate vectors.  As shown in figure 2, we constructed pHIV-TetO-EGFP contains the 
tet-on transcriptional unit with the marker gene, EGFP.  Additionally, we constructed two viral 
vectors, pHIV-GYT and pMLV-GYT to express the tet-on transcriptional factor, rtTA-GYT 
either from a HIV-based vector or a MLV-based vector.  After construction of these viral vectors 
in plasmids, we prepared the VSV-G pseudotyped HIV-based and MLV-based vectors with our 
standard transient transfection method in 293T cells.  The diagrams of these HIV-based and 
MLV-based vectors are shown in figure 2.   
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Figure 2:  The diagram shows the HIV-based and MLV-based vectors used in this 

quarter.  The pHIV-9-EGFP is the standard HIV-based vector and the EGFP gene is 
driven by CMV promoter.  The pHIV-GYT0EGFP is the original inducible HIV-
based vectors, and the EGFP gene is driven by the TetO promoter.  The pHIV-TetO-
EGFP is derived from pHIV-GYT-EGFP by deleting the CMV promoter and part of 
rtTA-GYT gene.  The pHIV-GYT is the HIV-based vector with rtTA-GYT gene and 
the pMLV-GYT is the MLV-based vectors with rtTA-GYT.  In pHIV-GYT the 
expression of rtTA-GYT is from CMV promoter and in pMLV-GYT, the expression 
of rtTA-GYT is from MLV LTR promoter. 

 
Using HT1080 cells, we checked the induction of doxycycline with different combination 

of these vectors.  We first mixed the designated viral vectors and transduced HT1080 cells either 
in the induction medium (+Dox, 1 µg/ml) or suppression medium (regular medium without 
doxycycline).  Then the viral mixture was added to HT1080 cells in 6-well plates.  Forty-eight 
hours after transduction, the cells were detached and the fluorescent activities were determined 
by FACS techniques.  The results were summarized in the Table 2. 

 



  

   

Table 2 
Viral 

Vectors 
Types of 
Media 

% of GFP 
positive cells 

Mean 
Intensity 

Fold 
Induction*

Regular 39.46 1694  pHIV-9-EGFP 10 µl 
+Doxy ND** ND ND 
Regular 3.08 614  pHIV-GYT-EGFP 10 µl 
+Doxy 5.06 905 2.42 
Regular 1.30 188  pHIV-tetO-EGFP 10 µl 

& pHIV-GYT 100 µl +Doxy 1.54 1926 12.10 
Regular 1.94 96  pHIV-tetO-EGFP 10 µl 

& pMLV-GYT 100 µl +Doxy 30.8 2353 38.73 
*Fold induction is calculated by comparing the value of mean intensity multiple by the 
percentage of the positive cells.  We selected the value from regular medium as 1.  **ND: Not 
determined 

 
From these results we found the doxycycline induction is significantly improved in the two 

vectors system and induction was increase from 2.42 fold to 12.10 fold (GYT-rtTA express by 
HIV-based vector) and 38.73 fold (GYT-rtTA express by MLV-based vector).  To confirm these 
results, we repeated the experiment with higher amount of the EGFP vectors.  The results were 
summarized in table 3. 

Table 3 
Viral 

Vectors 
Types of 
Media 

% of GFP 
positive cells 

Mean 
Intensity 

Fold 
Induction*

Regular 40.52 277  pHIV-GYT-EGFP 100 µl 
+Doxy 56.74 870 4.40 
Regular 13.38 63  pHIV-tetO-EGFP 100 µl 

 +Doxy 15.35 65 1.19 
Regular 12.76 75  pHIV-tetO-EGFP 100 µl 

& pHIV-GYT 100 µl +Doxy 22.26 2159 49.59 
Regular 14.67 70  pHIV-tetO-EGFP 100 µl 

& pMLV-GYT 100 µl +Doxy 33.96 2708 88.37 
 
Concluded from these two experiments, indeed, the two vectors system significantly 

improved the induction system. The system has several advantages.  First, the back ground 
expression is low (compares mean intensity 63 vs. 277).  Second, the expression level is higher 
under the induction (compares mean intensity 2159 or 2708 vs. 870).  Therefore the fold 
induction is increase from 4.40 to 49.59 or 88.37 in this experiment.  One thing is worse notice; 
the expression level of EGFP in new vector under inducible condition is stronger than the 
expression level of CMV driven EGFP in pHIV-9-EGFP (1926 or 2353 vs. 1694).  This is very 
unusual since the CMV promoter in HT1080 cells is very strong.  Therefore, our new doxycycline 
inducible HIV-based vector is not only can regulate by ligand, doxycycline, but also can express 
the gene-of-interest very efficiently under inducible condition.  Our next goal will be studying the 
inducibility of these vectors in our animal models.    

 
 



  

   

c) Develop methods for production of high titer retroviral vectors for bone formation 
and bone repair. 

 Concentration of retroviral vectors is one of major challenges for retroviral vector 
production.  Previously, we used ultracentrifugation method to pellet the VSV-G pseudotyped 
viral particles and then resuspend in smaller volume of the buffer.  This type of approach is very 
simple and easy to scale up. However, it also comes with problems.  First, the viral particle may 
be damaged during the high speed centrifugation, subsequently lower the yield of the recovery.  
Second, there are many unwanted materials may also be concentrated during the procedures.  
The desired method for viral particle concentration must preserve its native biological activity 
upon reconstitution of the precipitate.  Since retroviral vector is an envelope virus, the 
precipitation must not denature the protein nor to disrupt the lipid bilayer.  In addition, the 
procedure shall not add any material that would not be compatible with future applications of 
viral vectors in vitro or in vivo.  Within this year, we tested a new method to concentrate viral 
vectors.   
 One of the other methods for virus purification is polyethylene glycol (PEG) 
precipitation.  PEG is a hydrophilic nonionic polymer which has been used for phase–separation 
of large molecular out of aqueous solutions.  The PEG would not denature proteins at ambient 
temperature and require relatively low amount (5-10%) for precipitation.  Additionally, small 
amount of residual PEG concentrated in the pellet since most of the PEG is retained in the 
supernatant.  Based on this, we tested the method of concentrating of viral vectors with PEG.  
First, we prepared 72 ml of viral vectors with marker gene, EGFP.  Then, we mixed 36ml of viral 
vectors with 12ml of PEG solution (40% PEG8000 in PBS) to bring the final concentration of 
PEG to 10%.  After overnight incubation at 4oC, the mixtures were centrifuged at 3000rpm for 
30 minutes.  A well defined pellet can be seen after the centrifugation.  The pellet was 
resuspended in 1.2ml of 4% lactose in PBS.  For the rest of 36ml of viral stock, we precipitated 
with standard ultra-centrifugation method and also resuspend the pellet in 1 ml of 4%lactose in 
PBS.  The viral titers of viral stocks and concentration viral stocks were determined by end-point 
dilution in HT1080 cells through flow cytometery.  The results were summarized in Table 4. 

Table 4 
 

Experiment One 
Viral titer before 

concentration 
Viral titer after 
concentration 

% of yield 

PEG method 3.57 X107 1.09X109 84.8% 
Ultra-Ce. Method 3.57 X107 7.31X108 56.9% 
Experiment Two    

PEG method 7.22 X106 6.37 X108 43.0% 
Ultra-Ce. Method 7.22 X106 7.02 X108 47.4% 

 
Based on these results, we found the PEG method can concentrate the VSV-G pseudotyped 

MLV-based vectors as efficient as ultra-centrifugation method.  The compatibility of the PEG 
concentrated vector with our in vivo and ex vivo experiment will be determined in the future 
experiments. 

 
 
 
 
 



  

   

Key Research Accomplishments: 
• Prepared MLV and HIV-based vectors for other sub-projects (sub-projects 4, 6. 7 and 8) 
• Developed a new method to concentrate VSV-G pseudotyped retroviral vectors. 
• Developed and characterized TET-ON inducible MLV-based and HIV-based retroviral 

vectors for bone diseases gene therapy and gene transfer. 
 

Reportable Outcomes: 
 
None 

Conclusions 
c) In collaboration with investigators of other sub-projects of this Army grant, we have 

generated and provided with the investigators several different batches of MLV and HIV-
based vectors for use in their approved projects. 

d) We developed a new method for concentrating VSV-G pseudotyped MLV-based and HIV-
based vectors. 

e) We developed and characterized inducible TET-ON regulatory retroviral vector systems.  
The gene expression of this vector can be modulated by doxycycline either in MLV-based or 
HIV-based vectors.  This vector system is essential for skeletal gene therapy and for studying 
function of genes-of-interest during bone repair. 
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ABSTRACT

MRL/Mpj mice are the only known strain of mouse that can regenerate cardiac
lesions and completely heal ear punches without scarring. This study was under-
taken to determine if MRL mice also have greater regrowth capabilities in am-
putated digit tips. Right paw digit tips of neonatal MRL mice were dissected,
with the left front paws as uncut controls. Controls used for regrowth compar-
ison were the DBA/2 and C57BL/6 inbred mouse strains. Consecutive x-ray im-
ages were captured of front paws at 0, 7, 14, 21, and 28 days postamputation.
MRL mouse digit tips were found to distally regrow more quickly and reform
nails partially and completely to a greater degree in comparison with DBA and
B6 mice (p < 0.05). We next undertook microarray expression analysis to iden-
tify the genes involved in digit tip regrowth. Four hundred genes out of 15,000
were significantly differentially expressed (p < 0.05) in MRL, DBA, and B6 mice
at day 4 in comparison with day 0 control tissue. Multiple differences between
MRL, DBA, and B6 strains were found in genes that are implicated in the WNT
signaling pathway and transcription. We conclude that MRL mice regrow digits
distally more rapidly and partially and completely regrow nails to a greater de-
gree than B6 and DBA strains. This enhanced regrowth is likely due to strain-
specific increased expression of genes involved in growth and development.

Experiments with amphibian limbs, first undertaken in the
18th century, demonstrate that limb regeneration in verte-
brates is possible.1,2 In amphibians, the first stages of re-
generation are initial wound healing by formation of an
epidermal layer over the wound, followed by dedifferenti-
ation of cells that cluster under this epidermal layer.3

These dedifferentiated cells (blastema cells), similar to
stem cells, redifferentiate into other cell types including
bone, cartilage, and epithelial cells. The genes and genetic
pathways that determine how the cells dedifferentiate
and redifferentiate into other cell types are not completely
understood.

Higher mammals also have marginal abilities to regen-
erate.4–8 For example, children and newborn mice will re-
place digit tips when they are amputated distal to the last
interphalangeal joint.4,5 Another example of regeneration
in mammals is the healing of ear holes in rabbits without
scarring.9,10 Recently, we and others have demonstrated
that the MRL inbred strain of mouse shows greater regen-
eration and healing of earhole punches as opposed to sev-
eral other inbred strains of mice.11,12 Among inbred mouse
strains, the MRLmouse was found to completely heal ear-
hole punches, the DBA strain was found to be an interme-
diate regenerator, and the B6 strain found to be a poor
regenerator of earhole punches.11 Other studies have
found that the MRLmouse is also capable of cardiac mus-
cle regeneration.13 Thus, theMRLmouse is a unique mod-
el to study the genetic mechanisms that regulate wound
healing and tissue regeneration. However, to date, the
MRL mouse has not been investigated extensively for its

abilities to regrow more complex biological structures,
such as digit tips. This study examined digit tip regrowth
in the MRL, DBA, and B6 inbred strains of mice in order
to determine if these mouse strains have similar regenera-
tive capabilities of digit tips as in earhole punches. We also
undertook global RNA expression profiling in those
strains to identify the genes and genetic pathways respon-
sible for wound healing and digit tip regrowth.

MATERIALS AND METHODS

Mouse surgery

Four-week-old MRL, B6, and DBA mice were obtained
from The Jackson Laboratories. The studies were per-
formed with the approval of the animal ethics committee
of the Jerry L Pettis Memorial VA Medical Center (Loma
Linda, CA). Surgery was conducted on the pup’s digit tips
within 1 day of birth. The neonatal mice were anesthetized
with 5% halothane mixed with O2 5L/min. The right front
third and fourth digit tips were amputated, with the left
side as uncut controls. As the level of amputation is very
important to subsequent regrowth capabilities, all surgery
was performed under a microscope, and a scalpel was used
to dissect the digit tips as accurately as possible at the mid-
point of the third phalanges.6,7 The accuracy of digit tip
surgery and amounts of tissue dissected were documented
and measured by capturing images of the digits both
before and after surgery. The amputated tissues were
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collected into RNA later (AmbionQ3 ), and the tissues from
the pups of 1L were pooled. Both left (uncut) and right
(cut) paw x-ray images were taken at 0, 7, 14, 21, and 28
days postsurgery with a Faxitron MX-20Q4 x-ray. Also, at 4
days postsurgery, mice were sacrificed, regenerating digit
tips were collected by surgery, and the tissue was pooled in
RNA later and stored at –80 1C for later RNA extraction.

Growth rate measurements

Faxitron x-ray images were measured using the ruler fea-
ture of Adobe Photoshop. Three growth amounts were
determined: (1) the amount of dissected tissue (A–B in
Figure 1); (2) the length of first phalanx of third and fourth
fingers of front two paws (C–D in Figure 1); and (3) the
length from the bottom of second phalanx to the regener-
ating tissue edge (C–A in Figure 1). Measurements were
made of both left uncut and right cut digits. All measure-
ments were done in duplicate by two different individuals
who were blinded to mouse strain. Estimates of errors in
measurement were made by capturing 10 consecutive im-
ages of the same mouse’s digit tips. These error estimates
were determined by repositioning a mouse between each
image capture to estimate the error in successive weekly
image captures. Also, 10 consecutive images were captured
with a mouse not repositioned between each image capture
to estimate errors in measurements at a particular time
point. In order to minimize disruption of mice and mother
abandonment of newborn pups, the growth was deter-
mined only for 7, 14, 21, and 28 days postsurgery.

Microarray expression analysis

Total RNA was isolated from dissected tissues at days 0
and 4 using the Agilent Total RNA Isolation Kit (Agilent

Technologies Q5). For day 0 RNA isolations, digit tip tissue
from 30MRL, 26 DBA, and 30 B6 mice were, respectively,
pooled before processing. For day 4 RNA isolations, digit
tip tissue from 15 mice of each respective strain was, re-
spectively, pooled. Tissues were lysed using a Polytron
Generator (Kinemalica AG Q6), and then processed follow-
ing the manufacturer’s protocol (Agilent Technologies).
The total RNA concentration was determined by Nano-
Drop spectrophotometer and RNA quality was deter-
mined by 18S/28S ribosomal peak intensity on an Agilent
Bioanalyzer. For microarray expression profiling and real-
time PCR, RNA samples were used only if they showed
little to no degradation. Custom cDNA slides were spotted
in duplicate with � 15,000 cDNA clones obtained from
the National Institute on Aging (NIA).14 A Q-Array2
robot (Genetix Q7) was used for spotting. The arrays were
also spotted with Amersham Lucidea Universal Scorecard
controls to insure correct gene expression values were ob-
tained from each array. Controls were spotted in duplicate
in the first and last PCR plates to insure proper data track-
ing. Replicate microarrays were run for each RNA sample
(10 microarrays each forMRL and DBA, and three micro-
arrays for B6). This number of replicate microarrays is
calculated to give 95% power to detect a twofold change in
expression between the days 4 and 0 RNA samples and
also between MRL and DBA pooled RNA samples at the
0.001 significance level.15 A total of 250 ng RNA was used
to synthesize double-stranded cDNA using the Low RNA
Input Fluorescent Linear Application Kit (Agilent Tech-
nologies). First-strand cDNA synthesis was primed with
T7-(dT24) promoter primer. From the purified cDNA,
cRNA was synthesized using transcription master mix and
purified. Two hundred and fifty nanograms of purified
cRNA was used to reverse transcribe to fluorescent cD-
NA. Cyanine-3-dCTP and cyanine-5-dCTP were used to
label experimental samples (day 4) and control samples
(day 0). Dye swaps were also conducted to eliminate po-
tential dye bias effects. Samples were hybridized at 60 1C
for 17 hours. The slides were then washed with Solution I
(6� SSC, 0.005% Triton X-102) for 10 minutes in the dark
and then with Solution II (0.1� SSC, 0.005% Triton X-
102) for 5 minutes in the dark. The slides were dried with
pressurized nitrogen and immediately scanned using a GSI
Lumonics ScanArray 4000 scanner. The signal intensity of
all microarray images was determined using ImaGene 5.6
software. Expression analysis of microarray experiments
was performed with GeneSpring 7.1 (Silicon Genetics Q8)
using the raw intensity data generated by the ImaGene
software. Local background-subtracted median signal in-
tensities were used as intensity measures, and the data were
normalized using per spot and per chip LOWESS normal-
ization. The transcripts that passed with flag values pres-
ent or marginal were targeted for further analyses. The
transcripts were then further analyzed by utilizing a one-
sample Student’s t-test to test whether the mean normal-
ized expression level for the gene is statistically different
from 1.0. To characterize and classify the function of genes
differentially expressed in regenerating digit tip tissue, we
used Onto-Express to classify genes according to their bi-
ological process Gene-Ontology (GO) category. The num-
ber of genes corresponding to GO category among the
differentially expressed genes was tallied and compared
with the number of genes expected for each GO category

Figure 1. Measurements of digit growth in mice. X-rays were

taken at days 0, 7, 14, 21, and 28 postdigit tip dissection. Sur-

gery was performed under a microscope at the middle of the

third phalanx (midpoint of A–B). Phalanx and digit tip measure-

ments were determined by the length of first phalanx of third

and fourth fingers of both front paws (C–D, measurements

used in Figure 2); the length from the bottom of second phalanx

to the tissue edge (C–A, measurements used in Figure 3).
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based on their representation in the NIA 15K set. Signif-
icant differences from the expected were calculated with a
two-sided binomial distribution.16–18

Confirmation of microarray results by quantitative real

time PCR

Reverse transcription of 200 ng of total RNA (days 4 and
0) was carried out in a final volume of 20 mL using a Super-
script reverse transcriptase kit according to the manufac-
turer’s instructions (InvitrogenQ9 ). To prevent 30 bias of the
real-time PCR reactions random decamers (Ambion) were
used for priming rather than oligo-dT. Real-time PCR was
done using the SYBR Green PCR Core Reagents Kit (Ap-
plied BiosystemsQ10 ). Five microliters of cDNA at a concen-
tration of 10 ng/mL and 0.1 mM of each primer in a final
volume of 25 mL was used. For statistical significance, each
RT-PCR had six replicates. Once the master mix was
made, the 25 mL aliquots were transferred into a Micro-
Amp optical 96-well reaction plate (Applied Biosystems),
vortexed, and sealed with an optical adhesive cover (Ap-
plied Biosystems). Cycling and signal detection were done
using the ABI-7900HT Sequence Detection System with
the following cycling conditions: initial activation at 95 1C
for 10 minutes, 40 cycles at 95 1C for 15 seconds, and 60 1C
for 1 minute. The gene expression level was normalized
to housekeeping genes b-actin and TBP5. Subsets of all
RT-PCR reactions were sequenced to insure gene specific-
ity for the reactions.

Histology

We examined MRL inbred strains for blastema formation
by sacrificing the mice at 1, 4, 7, 14, and 21 days postdigit
tip dissection. Dissected paw tissues were stored in 10%
formalin until processing. The tissues were fixed in paraffin
and 5mm tissue sections were mounted on to microscope
slides. Following hematoxylin and eosin (H&E) staining,
the tissues were examined under a microscope.

RESULTS

Amount of dissected tissues in newborn mouse pups

Digit tip dissections were carried out using a scalpel under
a microscope on the third and fourth tips of the right paw.
The left paw digit tips were not dissected and used as uncut
controls. Mice were x-rayed before and after digit tip dis-
section. The amounts of tissue dissected were calculated by
subtracting the after-dissection values from the before-
dissection values of the top of the second phalanx to the
digit tip edge (Figure 1). The mean amount of tissue dis-
sected in MRL mice was slightly greater (0.14� 0.03mm)
than the DBA and B6 mouse strains (0.12� 0.02 and
0.11� 0.02mm), though not significantly.

Regrowth results

The strains tested vary in size among each other; thus, it
would be expected that normal growth differences among
the strains would be found. In order to insure that re-
growth results were not influenced by differences in strain

size, the data were normalized by dividing right cut growth
measurements by left uncut growth measurements. We
tested the validity of this normalization by dividing the
right first phalanx measurements by the left first phalanx
measurements (Figure 2). These growth ratios do not show
significant differences among the mouse strains and give
growth ratios of approximately 1.00. As the first phalanges
were not dissected, normalizing for strain size by calculat-
ing a strain-specific growth ratio is a valid method of cor-
recting for strain growth. This normalization method was
utilized for subsequent analysis of regrowth data. Meas-
urement error estimates of 10 x-ray images found that re-
positioning the mouse between successive measurements
give a mean third phalanx length of 1.38� 0.10mm in 3-
week-old mice. Ten successive measurements made with-
out mouse repositioning give a mean third phalanx length
of 1.34� 0.05mm. As the growth ratio measurements were
captured at the same time and did not require reposition-
ing the mice, these measurements should also have less
measurement errors than growth rate measurements cap-
tured from successive weeks.

Next, we examined the normalized regrowth ratios for
dissected digit tips in the mice. As expected, the regrowth
ratios are less than 1.0, indicating that growth of dissected
digit tips is less than undissected digit tips (Figure 3).
However, the MRL mouse regenerates digit tips more
quickly than the other mouse strains at days 7, 14, and 21
postdissection. Mice exhibit most of their growth in the
first 21 days after birth and this is also when digit tip re-
growth inMRLmice is healed more quickly in comparison
with the other inbred strains of mice. The degree of re-
growth by day 28 was determined by examining mice for
the degree of nail regeneration (Table 1). In MRL mice,
90% of mice completely or partially regenerated the nail.
In DBA mice and B6, 72.9 and 66.7%, respectively, par-
tially or completely regenerate nails. This difference is sig-
nificant by chi-squared analysis (p � 0.01).

Microarray expression results

Four hundred genes out of 15,000 on the microarrays were
significantly differentially expressed (p < 0.05) in MRL,
DBA, and B6 mice at day 4 in comparison with control
tissue at day 0 (supplementary table). Of these, 207 genes
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Figure 2. Normalization for strain size. Division of first phalanx

right measurements by left measurements gives expected

ratios of � 1.00 (mean�SE). No statistically significant differ-

ences between strains are seen in normalized data for the first

phalanx growth ratios.

Wound Rep Reg (2007) 15 274–283 c� 2007 by the Wound Healing Society276

Digit tip regrowth and differential gene expression
Q1

Chadwick et al.

WRR 216(B
W

U
S 

W
R

R
 2

16
.P

D
F 

30
-J

an
-0

7 
11

:3
0 

67
78

14
 B

yt
es

 1
0 

PA
G

E
S 

n 
op

er
at

or
=

m
k.

go
ku

la
)



UNCORRECTED P
ROOF

were up-regulated and 193 were down-regulated. About
50% of these genes represent expressed sequence tags
(ESTs) and unknown genes. The biological process gene
ontology functional classes that are significantly overrep-
resented in all the strains regenerating digit tips are shown
in the supplementary data table. Pathway analysis of these
known genes reveals that genes in the IGF and BMP/TGF
pathway are differentially expressed in all mouse strains
(IGF2, IGF2BP3, IGFBP4, BMP-1, TGFb1i4), thus im-
plicating the IGF and BMP/TGF signaling pathways in
regulation of digit tip regrowth. The BMP family of genes
has previously been implicated in digit regeneration.22

Also, several genes involved in cell cycle and growth were
found to be differentially expressed in all the strains,
including CALM2, NFKB, and Annexin A2. Transcrip-
tion factors that were found to be differentially expressed
in all strains include MYST3, ATRX, SOX13, TCFL4,
ANKIB1, TSC22D4, 6030490I01RIK, ZFP110, GATA3,
GTF2H3, PHF7, ICSBP1, TRPV2, KLF4, MLL3, ANK-
RD10, IKBKG, CNOT2, FOXM1, ASH2L, HNRPR,
NFE2L1, and ZFP113.

Seventy-five genes and ESTs were significantly differen-
tially expressed only in MRL mice in comparison with
DBA and B6 mice (Table 2). Of genes with known func-
tion, LRP6, a WNT co-receptor that functions in limb
morphogenesis and pattern formation, was found to be
differentially expressed. Also FMN2, which functions in

cytoskeletal organization and meiosis, is differentially ex-
pressed in MRL regenerating digit tips. Transcription fac-
tors that were found to be differentially expressed only in
MRL regenerating digit tips include SS18L1, NFE2L1,
ZFP251, RXRIP110, and TAF5l. Many of the differen-
tially expressed genes are ESTs. This suggests that there
are many currently unknown genes and genetic pathways
involved in digit tip regrowth.

Confirmation of microarray results was done by
real-time PCR of 17 genes (TWSG1, TSC22, TIMP3,
TGFBLi4, SMAD4, NET1, MSX2, MMP9, MMP2,
MAGED1, FMN2, BMP2, BMP1, B2M, AK007718,
AI987944, ACTR2). RT-PCR results for these genes were
consistent with the microarray results and gave correlation
coefficients of 0.62, 0.91, and 0.40 for MRL, DBA, and B6
expression results, respectively (Supplementary Figure).

Histology

We examined the histology of regenerating digit tips by
sacrificing MRL mice at 1, 4, 7, 14, and 21 days postdigit
tip dissection. The formation of an epidermal layer over
the wound is seen at 1 day postdissection. At 4 days post-
dissection, evidence of dedifferentiation of cells and in-
creased proliferation can be seen underneath the wound
epithelium (Figure 4A and B). At 7 days postdissection,
cartilage has begun to hypertrophy and osteoblasts and
osteoclasts begin bone formation and remodeling; by 14
days postdissection, there are fewer undifferentiated cells
present underneath the epithelium and the marrow cavity
has begun forming (Figure 4B). By 21 days, bone growth
continues, the digit tip has nearly completely regrown, and
the nail has begun reforming.

DISCUSSION

The salient features of this study are as follows: (1) it pro-
vides direct evidence that newborn MRL mice heal digit
tips more quickly and regenerate nails to a greater degree
than DBA and B6 mice; (2) it provides evidence that the
IGF and BMP/TGF pathways are important for digit tip
regrowth in all inbred strains of mice tested; (3) it indicates
that the improved regenerative capabilities of MRL mice
may be due to the genes implicated in the WNT signaling
pathway and morphogenesis.

MRL mice have a unique ability to heal and regenerate
multiple cell types, including ear tissue and heart tissue. In
this study, we find that all strains of mice tested have the
capability of regenerating digit tips. However, MRL mice
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Figure 3. Normalized regrowth of MRL, DBA, and B6 digit tips.

Growth ratios of digit tips for 7, 14, 21, and 28 days postdissec-

tion (mean�SE) show that MRL mice regenerate digit tips

greater than other strains of mice (p < 0.05, marked by n in

plot). At day 14, MRL mice regrowth ratios were significant in

comparison with B6 mice and approached significance in com-

parison with DBA mice (p 5 0.089).

Table 1. Nail regrowth in MRL, DBA, and B6 mouse strains by 28 days postdissection. Ninety percent of MRL mice regrow nails

either partially or completely, in comparison with only about 70% in DBA and B6 mice (po 0.01)

Strain N None (%) Partial (%) Complete (%) Strain total (%)

MRL 40 10.0 72.5 17.5 100.0

DBA 48 27.1 52.1 20.8 100.0

B6 54 33.3 51.9 14.8 100.0

w2518.20.

p � 0.01.
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Table 2. Genes significantly differentially expressed in MRL mouse regenerating digit tips but not in DBA and B6 mice. The LRP6

and FMN2 genes were found to be differentially expressed in MRL mice in comparison with DBA and B6 mice

Gene-Ontology

(GO) ID

Gene ontology

biological process

# of genes with GO

ID differentially

expressed in MRL

# of genes

with GO ID

in NIA15K set p-Value

Accession

number

Gene

name

GO:0006515 Cell organization and

biogenesis 1

4 0.001 AF218940 Fmn2

GO:0006220 Embryonic hindlimb

morphogenesis 1

1 0.001 BC056479 Lrp6

GO:0007089 Embryonic forelimb

morphogenesis 1

1 0.001 BC056479 Lrp6

GO:0042733 Embryonic digit

morphogenesis 1

2 0.001 BC056479 Lrp6

GO:0016043 WNT receptor

signaling pathway 1

31 0.028 BC056479 Lrp6

GO:0006826 Anterior/posterior

pattern formation 1

15 0.007 BC056479 Lrp6

GO:0006897 Endocytosis

1

58 0.087 BC056479 Lrp6

GO:0016358 Gastrulation

1

11 0.004 BC056479 Lrp6

GO:0010003 Development

2

151 0.138 AF218940;

BC056479

Fmn2; Lrp6

GO:0030032 Lamellipodium

biogenesis 1

5 0.001 AK083469 Nckap1

GO:0009952 Dendrite

morphogenesis 1

7 0.001 BC053087 Ss18l1

GO:0006824 Misfolded protein

catabolism 1

2 0.001 AK004024 Clpp

GO:0030163 Protein catabolism

1

21 0.014 BC050902 Mdm2

GO:0015031 Actin filament

organization 1

16 0.008 AK078918 Tmod3

GO:0051016 Barbed-end actin

filament capping 1

7 0.001 AK078918 Tmod3

GO:0042981 Regulation of

apoptosis 1

32 0.030 AK032060 Ank2

GO:0006915 Apoptosis

1

147 0.356 AK032060 Ank2

GO:0035116 Nucleotide

biosynthesis 1

9 0.002 AK039066 Dctd

GO:0006260 DNA replication

1

70 0.119 AK051621 Orc4l

GO:0006810 Pyrimidine nucleotide

metabolism 1

1 0.001 AK039066 Dctd

GO:0035115 Start control point of

mitotic cell cycle 1

7 0.001 BC050902 Mdm2

GO:0007275 Cobalt ion transport

1

3 0.001 AK083478 Slc11a2

GO:0006355 Iron ion homeostasis

1

12 0.004 AK011244 Ftl1
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GO:0016055 Iron ion transport

2

15 0.001 AK011244;

AK083478

Ftl1; Slc11a2

GO:0006350 Transport

2

635 0.088 AK083478;

AK018343

Slc11a2; Syt11

GO:0008283 Calcium ion

homeostasis 1

13 0.005 BC008997 Anxa7

GO:0006874 Cell proliferation

1

53 0.075 BC008997 Anxa7

GO:0009165 Intracellular signaling

cascade 1

164 0.408 AK049307 2900057D21Rik

GO:0007049 Cell cycle

1

223 0.432 AK049307 2900057D21Rik

GO:0016567 Protein transport

1

255 0.358 BC053504 Tloc1

GO:0006508 Proteolysis and

peptidolysis 2

142 0.120 AK004024;

AK011589

Clpp; Ctsl

GO:0007015 Protein ubiquitination

1

102 0.215 BC050902 Mdm2

GO:0006512 Ubiquitin cycle

1

237 0.398 BC050902 Mdm2

GO:0008152 Metabolism

1

161 0.399 AK075831 Dbt

GO:0006879 Transcription

3

535 0.328 AK080514;

AK087271;

AK033477

Zfp251; Rxrip110;

Taf5l

GO:0007242 Regulation of

transcription 6

709 0.436 BC053087;

BC022152;

AK080514;

AK087271;

AK033477

Ss18l1; Nfe2l1;

Zfp251; Rxrip110;

Taf5l

AK049010;

AK008869;

1700041C02Rik;

AK075950;

AK075950;

2210409E12Rik;

AK041714;

AK014286;

Spbc24; Dhrs4;

AF104414;

AK077025;

Sparc; AW208599;

AK080723;

AK089793;

Slc16a9;

AK041555;

AK034422;

9130404D08Rik;

BC051459;

AK084556;

LOC237749;

AK122209;

AK029139;

C330046E03;

AK087947;

AK086670;

Srrm2;

None Unknown process 34 AK009347;

AK077521;

D13Wsu64e;

2010000I03Rik;
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can more quickly heal and more completely reform nails of
dissected digit tips. The regrowth of digit tips is more com-
plex than simple wound healing of ear punches and cardiac
lesions as it involves the regrowth of multiple cell types in-
cluding bone, cartilage, nervous, and epithelial cells. Sim-
ilar to stem cells, regenerating digit tips require proper
patterning of the regenerating cells to direct their cellular
fate. Studies undertaken in axolotls have documented the
stages in amphibian limb regeneration.3 In axolotls, the
first stage after amputation involves the formation of
wound epithelial cells to cover the wound (http://www.
uoguelph.ca/zoology/devobio/210labs/regen1.html). After
2 days, beneath this epithelial layer, cells begin to dediffer-
entiate and form a blastema. These blastema cells rediffer-
entiate and completely regenerate the amphibian limb
within 6 weeks postamputation. In MRL mice, our histol-
ogy studies find that the early stages of digit tip regrowth
are partially similar to that of axolotls (Figure 4). Within 1
day of digit tip amputation epithelial cells have formed
over the wound in MRL mice. At 4 days, epithelial cells
have completely covered the wound and undifferentiated
cells beneath the wound epithelium begin to proliferate. At
7 days osteoblasts are present and have begun to form
bone. At 14 days postdissection the cells beneath the
wound epithelium are not as dedifferentiated and the bone
marrow cavity has begun forming above the third pha-
lange’s joint. By 21 days postdissection, the cells have re-
differentiated, the nail has begun reforming, and the digit
tip has almost completely regenerated. It is interesting that
when de- and redifferentiation of cells beneath the wound
epithelium is occurring is also when the MRL mouse
shows the greatest regenerative capacity. This suggests
possible links between the enhanced healing capabilities
of MRL mice and the molecular causes of de- and redif-
ferentiation of cells.

The NIA15K cDNA library used to create the microar-
rays in this study was isolated from developing mouse em-

bryos. Thus, many of these genes are expressed primarily
in embryonic development and are a unique source for
studies of regrowth. In all the strains examined in this
study we found that genes involved in the IGF and BMP/
TGF pathways are differentially expressed. This is not un-
expected as the IGF and BMP/TGF pathways are known
to be critical to limb formation, bone induction, and frac-
ture repair.19–22 Also, previous studies have reported that
high levels of TGFB1 mRNA and/or protein are localized
in developing cartilage, bone, and skin, and play a role in
the growth and differentiation of these tissues.21 This
study confirms the importance of the IGF1 and TGFB/
BMP pathways in regrowth and wound healing and the
importance of the BMP family of genes in regulating a re-
generative response.22 Genes involved in cell cycle, tran-
scription, and growth were also found to be differentially
expressed in all the strains (CALM2, NFKB, ANXA2,
GATA3, RFPL4, KLF4, TCF14, and ZF110).

In only MRL regenerating digit tips, LRP6, SPARC,
CTSL, and FMN2 are particularly interesting genes that
are differentially expressed. LRP6 and its co-receptor
LRP5 are required for WNT/b-catenin–mediated signal
transduction.23 LRP6 knockout mice exhibit severe devel-
opmental abnormalities, including the truncation of the
axial skeleton, reduced bone mineral density, and limb de-
fects.24,25 The WNT signaling pathway plays important
roles in bone cell function, and LRP6 and LRP5 are es-
sential for proper gastrulation in developing embryos.25,26

SPARC (osteonectin) is a bone-specific phosphoprotein
that accounts for the unique properties of bone collagen to
undergo calcification.27 The absence of SPARC in mice
gives rise to alterations in the composition of the extracel-
lular matrix that result in osteopenia and pathological clo-
sure of dermal wounds.28 SPARC regulates the activity of
several growth factors including platelet-derived growth
factor (PDGF), fibroblast growth factor (FGF), and vas-
cular endothelial growth factor (VEGF). This suggests

Table 2. Continued.

Gene-Ontology

(GO) ID

Gene ontology

biological process

# of genes with GO

ID differentially

expressed in MRL

# of genes

with GO ID

in NIA15K set p-Value

Accession

number

Gene

name

AK077773;

AK050612;

AK026964;

AK027483;

AK122209;

AL832193;

AK082477;

Sec24a;

AK036620;

AJ272268;

4930438O05Rik;

AK037650;

AK025061;

9430097H08Rik;

AK085135;

AK082946;

2310015A05Rik;

AK085877;

AK044885;

5730436H21Rik;

AK016563;

BC001136

LOC435957;

BC057593
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links between increased expression levels of SPARC in
MRL mice and growth factor regulation in regenerating
digit tips. Cathepsins are cysteine proteases with essential
roles in osteoclast-mediated bone matrix degradation. Ca-
thepsin L acts by integrating endothelial progenitor cells
into wounds and is required for neovascularization of isch-
emic tissue.29 Also, CTSL knockout mice have impaired
healing following limb ischemia.29 Thus, the increased lev-
els of CTSL in MRL regenerating digit tips may lead to
increased regenerative capacity by increasing vasculariza-
tion of wound tissue.

In only MRL regenerating digit tips, the FMN2 gene is
another intriguing gene that is differentially expressed.
Mutations in a related formin gene, formin-1, lead to de-
velopmental defects in limb formation due to a reduction

in the number of bony elements in the fore and hind
limbs.30,31 Formin-1 is thought to act in limb bud polar-
ization through establishment of a SHH/FGF-4 feedback
loop.30 Also, studies in a yeast homologue of formin,
forp1, have found that its mutation leads to asymmetric
patterns of cell growth.32 This suggests that formins are
critical signaling components of pattern formation and
directing cellular fate. Our previous microarray studies
of mouse ear punch wound healing found that formin-
binding protein 21 is differentially expressed in healing ear
tissue.33 Thus, the formin family of genes is involved in
both soft tissue wound healing and digit tip regrowth. This
indicates that there are common genetic mechanisms influ-
encing soft tissue wound healing and digit tip regrowth in
the MRL super-healer mouse. Members of the formin
gene family have been implicated in the WNT signaling
pathway.34 The WNT signaling pathway initiates out-
growth, controls patterning, and regulates cell differenti-
ation in a number of tissues.35 Also, bone formation has
been shown to be activated by WNT signaling in osteo-
blast stem cells by promoting osteoblastic differenti-
ation.36 FMN2 has been reported to be highly expressed
in both developing and adult central nervous systems.37

This is intriguing as denervation has been shown to elim-
inate regeneration capabilities in amphibians.38 Recently,
we have undertaken studies of knockout FMN2 mice and
preliminary data find that FMN2 (�/�) mice have signif-
icantly reduced femur cortical thickness (unpublished re-
sults).

In conclusion, we find that MRL mice show greater re-
generative capacities to heal digit tips in comparison with
all inbred strains of mice tested. This increased regrowth is
seen primarily during the times of greatest growth in mice
and during the times of dedifferentiation and redifferenti-
ation of cells in the healing and regrowth process. The
determination of the molecular causes of de- and rediffer-
entiation of cells during growth and healing has important
implications in stem cell research. The capability of neo-
natal mammals to regenerate is reduced when they reach
adulthood.39 It is thought that this reduced regenerative
capacity is due to a reduction in multipotent cells with
age.39 Future studies will focus on determining whether
MRL mice retain more of their regenerative capacity than
other strains of mice. The further elucidation of the mech-
anisms by which genes contribute to regrowth and bone
formation will likely lead to new targets and eventually
treatments for wound healing, regeneration, and bone
diseases.
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Identification of Mutant with a Large Decrease in Bone Size Identified in a Sensitized ENU Screen 
using Growth Hormone Deficient ‘Little’ Mouse 
 
A. K. Srivastava, D. J. Baylink, J. E. Wergedal and S. Mohan 
JLP VA Center, Loma Linda, CA 92357 and Dept. Medicine, Loma Linda Univ., Loma Linda, CA 
92354. 
 
We have performed a phenotype driven N-ethyl-nitrosourea (ENU) screen in growth hormone (GH) 
deficient little mice (that has point mutation in growth hormone releasing hormone receptor, denoted as lit 
allele) to identify a mutant gene that synergistically interacts with the GH/IGF signaling pathway.  In this 
study, we have characterized a bone size mutant (14104) that was identified as one of the several outliers 
by breeding ENU injected C57BL/6J male mice with lit/+ mice.  The 14104 mutant exhibited a 40% 
decrease in bone cross sectional area (CSA) at the midshaft tibia determined by pQCT at 10 weeks of age.  
After confirmation of heritability, the 14104 mutant mouse was backcrossed to WT lit/+ to generate >75 
progeny.  As expected for autosomal dominant mutation, about 50% mice were affected.  In-vivo 
measurements of tibia midshaft from affected 14104 (n=15-27), non-affected 14104 littermates (n=14-
34), and WT lit/+ mice (n=5-30) by pQCT show 30-40% lower (p<0.001) CSA and 20-30% lower 
(p<0.001) periosteal circumference (PC) in mutant mice (Figure).  Tibia and femur length were 
marginally (2-7%) lower (p=NS) in 14104 mice.  Both males and females were affected and phenotypes 
were confirmed in excised tibia and femur by pQCT and histology.  The body weight (BW) of the 
affected 14104 mice were 10-13% lower (p<0.05), but CSA was 20-30% lower even after adjustment for 
BW.  Interestingly, the decrease in CSA was accompanied by a greater (40-50%, p<0.001) decrease in 
endosteal circumference (EC), resulting in a significant decrease in marrow area and, more importantly, a 
10-20% increase (p<0.01) in volumetric BMD (vBMD).  Preliminary histomorphometric studies in 
female mice revealed an increase in the 
endocortical bone formation in the mutant mice, 
leading to increased cortical thickness and vBMD.  
The changes in the endosteum may reflect a 
compensatory adaptive mechanism that is a 
consequence of decreased bone strength caused by 
a 25% reduction in body weight adjusted CSA in 
the mutant mice.  In conclusion, we report a 
mutant that affects both embryonic and postnatal 
development of bone size by interacting with 
GH/IGF signalling pathway. Thus, the 14104 mice 
provide a valuable tool to identify a gene involved 
in periosteal expansion and to discover a molecule 
that interacts with GH/IGF pathway.   
 
 



A Sensitized ENU Screening System to Discover Modifier Genes by 
Utilizing Mouse Models Deficient in Genes Regulating Skeletal Tissues 
 
A. K. Srivastava, S. Mohan, and D. J. Baylink 
JLP VA Medical Center, Loma Linda, CA 92357 and Dept. Med., Loma Linda 
University, Loma Linda, CA 92354. 
 
 

Abstract 
Previously, we demonstrated feasibility of the phenotype driven N-ethylnitrosourea (ENU) mutagenesis approach to 

isolate mutations affecting skeletal tissues for gene function studies.  In this study, we describe a novel ENU screening 
approach named ‘sensitized ENU screen,’ which combines gene-based targeting with phenotype-driven ENU 
mutagenesis.  The genes identified in the ‘sensitized screen’ are often modifier genes; their effects are subtle and hard to 
detect in commonly employed genetic screens.  The presence of an initial mt to isolate in a wild type (WT) background.  
To accomplish the screen, we utilized two mutant mouse models.  The first set of mice carry a mutation in growth 
hormone (GH) releasing hormone receptor (denoted ‘lit’ allele) resulting in GH deficiency, low IGF-I expression, and 
reduced growth.  The second set of mice lack smad2, signal transducer for TGF-beta, an important bone growth factor.  
The smad2-/- mice are lethal, but smad2-/+ mice exhibit normal growth.  We bred lit/+ and smad2-/+ with ENU (100 
mg/kg) injected males to produce F1 progeny for screening dominant modifiers.  DNA from F1 mice was assayed by PCR 
to identify mice with the lit/+ and smad2-/+ genotypes. The F1 mice with lit/+ or smad2-/+ genotype were screened for 
growth and skeletal phenotypes and an outlier was identified as >2 SD units different from WT control (n=20-30).  We 
screened 105 F1 mice with lit/+ and smad2-/+ genotypes and identified 9 outliers, out of which three appeared to be 
heritable (Table-1). Efforts to map these mutant genes are underway.  The frequency of outliers for skeletal phenotypes 
(9%) in sensitized screen using the above two mouse models appears to be greater compared to that obtained in the 
traditional ENU screen in WT mice (1-5%).  In conclusion, our study demonstrates feasibility of a sensitized system of 
screening mutants with skeletal phenotypes.  The discovery of mutants in a selected pathway will provide a valuable tool 
to not only to discover novel genes involved in a particular process but will also prove useful for the elucidation of the 
biology of that process. 
 
 
 

Table-1.  Phenotype of mutants recovered in the sensitized ENU screen. 
ID  Genotype Major Phenotype Z-Score 

for Main 
Phenotype 

% Difference 
from Control 
Mice 

14104 lit/+ Decreased Bone Cross Section Area (and 
increased volumetric bone density) 

-4 to -6 20-30% 

1665C Smad2-/+ Increased Total Body Bone Density 
(excluding skull area) 

+2 to +3 13-14% 

1665D Smad2-/+ Increased Total Body Bone Density 
(excluding skull area) 

+2 to +3 11-13% 



 

Introduction 
 
Our goal in this study is to use a novel approach, namely sensitizer screen, to increase 
the power of ENU mutagenesis screens [1].  To achieve this, we used mouse strains in 
which genes that have been previously implicated to play a critical role in the 
development and maintenance of musculoskeletal tissues have been mutated or 
knocked-out (KO).  By combining the ENU mutagenesis and the KO strains, we 
propose to sensitize a classical ENU mutagenesis screening system, and thereby 
increase the recovery of mutants by discovering genes that have subtle effects on 
musculoskeletal phenotype.  The principle for increased sensitivity of recognition is 
synergism between the unknown ENU mutation and the known knock out gene.  
Presence of initial (or targeted) mutation renders the screening system highly sensitive 
to small changes that would be too small to be detected in an otherwise wild-type 
background.  A similar approach has been used in Drosophila to identify novel mutant 
phenotypes [2, 3].  For example, mutations in a Notch (a receptor for cell-cell 
interaction mechanism in many metazoan developing tissues) signaling pathway have 
been used to sensitize mutations in genes regulating many unknown components in 
bristle development in Drosophila.  More recently, the sensitized screen approach have 
been applied to mouse models with successful identification of mutants in diabetes 
screen [4].  

 
One of the key requirements for the success of our approach relates to which knockout 
mouse models are selected for ENU mutagenesis screens.  We designed our sensitized 
screen by utilizing mouse models with deficiency in two signaling pathways, the GH-
IGF-I [5] and TGF-β [6] pathways, both of which are critical for the normal 
development and maintenance of musculoskeletal tissues.  Furthermore, both these 
pathways involve several critical regulatory molecules that regulate growth and 
development of musculoskeletal tissues and that deficiencies in these two growth 
factors contribute to impaired growth and maintenance.  To study genes involved in the 
GH-IGF-I pathway, we used a ‘little’ mouse strain that has a naturally occurring 
mutation in growth hormone releasing hormone receptor (GHRHR).  The second 
mutant strain involves mice lacking Smad2, a key intracellular signaling molecule for 
TGF beta signaling pathway.  In this study, we describe mutagenesis screen design and 
our findings from the sensitized screen.   
 

Methods and Results 
 
Sensitized Screen Design Involving Growth Hormone Pathway 



 
The GHRHR mutant (little) mouse is a spontaneous dwarf mouse strain (in 100% 
C57BL/6J background) with an autosomal recessive GH deficiency (GHD) caused by a 
missense mutation (D60→G) in the extracellular domain of the GHRH-R that impairs 
the ability of the receptor to bind to GHRH.  Mice that are homozygous for missense 
mutation (lit/lit) has reduced GH secretion, impaired GH-IGF-I axis, and a severe 
deficiency in bone mass and size.  Despite a non-functional GHRHR, the GH receptor 
works normally in the ‘little’ mouse, hence externally administered GH can 
compensate for the GH deficiency created by impaired GHRHR mutation.  To screen 
for the musculoskeletal mutants, we bred the lit/+ mice with ENU injected males and 
screened lit/+ progeny for musculoskeletal defects in haplosufficient (lit/+) GHRHR 
conditions (Figure-1).  The rationale for screening the mutant in GH 
haploinsufficiency is based on the observation that mice carrying one copy of ‘lit’ 
mutation have significantly reduced IGF-I levels as compared to the WT levels of IGF-
I in B6 mice.  This phenomenon is also evident in IGF-I knockout mice where reduced 
expression of IGF-I in IGF-I+/- mice has a significant effect on prenatal and postnatal 
bone growth as compared to WT or IGF-I+/- mice.  Thus, we anticipated that a reduced 
dosage of GH would be sufficient to sensitize the screening systems as compared to 
complete abrogation of GH levels, which causes significantly reduced fertility in lit/lit 
males, and therefore will not be feasible for a screening procedure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C57Bl6/J (B6) ENU

lit/+;m/wt    lit/+;wt/wt    +/+;m/wt   +/+;wt/wt

Phenotypic Screens in Mice with  lit Allele

lit/+;wt/wt (B6)

Mutants with Musculoskeletal Phenotypes

+/+; m/wt×



 
Figure-1.  The sensitized screen design to identify mutations affecting growth 
hormone pathway.  The ‘lit’ allele denotes GHRHR mutant allele and is identified by 
genotyping the F1 progeny by a RT-PCR based SNP assay.   All progeny with lit/+ 
genotype were candidate for sensitized mutations.  For clarity, the wild type alleles are 
denoted as two separate symbols ‘+’ and ‘wt’ for ‘lit’ locus and ENU mutant ‘m’ 
locus, respectively. 
 
Sensitized Screen Design Involving TGF-β Pathway 
 
We have chosen Smad2 knockout mice as our second mouse model in the sensitizer 
screen (Figure-2) because of the established role of TGF beta in the regulation of bone 
formation.  It is now fairly well established that TGF beta, like IGF-I, plays a critical 
role in both bone development and the pathogenesis of bone loss.   The biological 
effects of TGF beta in osteoblasts are known to be mediated by phosphorylation of 
Smad2/3, which associates with smad4 to cause transcriptional activation of genes in 
osteoblasts and other cell types.  Furthermore, Smad2 has also been shown to be 
involved in mediating the effects of activins, which are also known to regulate 
osteoblasts.  Thus, inactivation of Smad2 will disrupt the actions of various forms of 
TGF beta and also activins.  Consistent with an important role for Smad2 in mediating 
the effects of TGF beta family members, recent studies have shown that 
haploinsufficiency of Smad2 altered TGF-mediated tooth development.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C57Bl6/J (B6) ENU

neo/+;m/wt    neo/+;wt/wt    +/+;m/wt   
+/+;wt/wt

Phenotypic Screens in Mice with  ‘neo’ Allele

neo/+;wt/wt (B6)

Mutants with Musculoskeletal Phenotypes

+/+; m/wt×



 
Figure-2.  The sensitized ENU screen to identify mutants involved in TGF-β 
pathway.  The ‘neo’ allele denotes that smad2 gene is absence and is replaced by a 
neomycin resistant gene cassette.  We have designed primers that are specific for the 
neomycin resistant gene cassette and genotyped all progeny to demonstrate an absence 
of single copy of smad2.  All phenodeviants that have neo/+ background are candidates 
for sensitized mutations.  For clarity, the wild type alleles are denoted as two separate 
symbols ‘+’ and ‘wt’ for ‘neo’ locus and ENU mutant ‘m’ locus, respectively. 
 

Generation of Mutant Progeny and Screening  

The GHRHR mutant ‘little’ mouse (lit/lit) were obtained from The Jackson 
Laboratory, Maine, and bred in our facility to produce ‘lit/+’ heterozygous females.  
The smad2 knock out mice were obtained from our collaborator, Dr. Michael 
Weinstein [PNAS, 95, 1998].  Male C57BL/6J (B6) mice were injected with 3×100 
mg/kg dose of ENU and subsequently bred with ‘lit/+’ heterozygous females.  The F1 
offspring were screened at 10-weeks through a series of tests, including bone density 
measurements using PIXImus (Lunar Corporation, Madison, WI) and pQCT (xCT 
Research M, Norland Medical System, Fort Atkinson, WI), to identify phenodeviants 
as those with a phenotype difference of >2-3SD units from that of control mice (n=30-
40) (Srivastava et al, Bone 2003).  Geometrical parameters such as periosteal 
perimeter, endosteal circumference, and bone area were measured by in-vivo pQCT as 
described previously [7].  Bone size parameters were normalized with body weight.  If 
a phenodeviant was identified in the 10-week screening, measurements were repeated 
to confirm the phenotype when mice are 16-weeks old.  Once a phenotype was 
confirmed in the 16-week repeat testing, it was bred with ‘lit/+’ or ‘neo/+’ 
heterozygous male/female mice to determine whether their abnormality is inheritable.  
All progeny were genotyped for presence of lit or neo mutation by PCR based assays.    
 
Number of Mice Generated and Screened  
 
Table – 1.  Number of mice generated, mice screened for various phenotypes, and 
number of mice introduced to inheritance testing. 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
aThe total number of mice produced in the screen was 88 including mice with +/+ genotype.  In 
addition, several mice died before screen.  
bThe total number of mice produced in the screen was 140 including mice with +/+ genotype. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Procedure 
 

Number of 
lit/+ Mice 

Number of 
Smad2/+ Mice 

   
Sensitized ENU Mice Screened for 
Dominant Mode of Inheritance (F1) 
 

44a 
 

61b 

Abnormal Phenotypes Identified 
 

6 
 

4 

Phenotypes Introduced to Progeny Testing  6 
 

3 

Mutants Confirmed In Progeny Testing 1 
 

2 



 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure-3.  Representative phenotype data for the sensitized screen in lit/+ 
background.  The phenotype data is presented as Z-score, which is mutant values 
expressed as SD unit difference from mean values of wild type control mice.  All mice 
shown in the figure expressed the lit/+ genotype.  The breeding and generation of these 
mice is described in Figure-1.   The phenodeviant (ID14104) shown in circle showed 
decreased bone size and was successfully bred for more than three generation to 
confirm inheritability. The phenotype of the mutant is described in detail in Poster 
#SU124.  
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Figure-4.  Bone size phenotype of the mutant identified in sensitized screen 
involving growth hormone deficient lit/- mice. The X-ray images of tibia and 
femurs from the 12-week old 14104 mutant mice are shown along with their non-
affected littermates (LM).   The 14104 mice have significantly slender bones with 
17-23% lower periosteal circumference and 30-40% lower cross-sectional area 
(p<0.001) as compared to the LM. In mutant mice, the average body weight and 
bone lengths were marginally lower by 10-12% (Figure-1) and 2-7% (p=NS), 
respectively.  Cross section image of mid-shaft femur is taken from histological 
analysis.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-5.  Sensitized ENU mutation screen in Smad2/+ background.  Five main 
phenotypes (body weight, total body bone density, total body bone mineral content, 
total body bone area, and lean body weight) are shown as Z-Score, which indicates 
differences in a particular phenotype in terms of SD units from non-mutagenized 
control mice (in this case, Smad2/+ mice generated from breeding Smad2/+ mice with 
Smad2/+ or wild type B6 mice).  The horizontal lines indicate our cut-off levels for 
identifying outlier mice. Data points outside 2-3 SD units potentially represent 
phenodeviants. Several phenodeviants (including one shown in circle) were further 
followed-up for confirmation of inheritable mutation. BW=Body weight, BMD=Total 
body bone mineral density, BMC=Total body bone mineral content. 
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Figure-6.  Phenotype data from one of the mutant identified in sensitized screen in 
Smad2/- background.   The mutant mice show increased body weight and total body 
bone density, which are shown as Z-Score.  The WT control mice are Smad2/+ mice 
generated from breeding Smad2/+ mice with wild type B6 mice.  The broken 
horizontal lines indicate our cut-off levels for identifying outlier mice.  
 
 
 
Summary 
 

• We have combined the knockout technique and ENU mutagenesis approach to 
design a novel procedure of ‘sensitized screen’ that could uncover genes that 
have subtle effects on skeletal tissues. 

 
• In the sensitized screen, an ENU-treated male mouse is mated with a female 

mouse that is deficient in a key signaling molecule critical to the normal 
development and maintenance of the skeletal phenotype, and the progeny is 
screened for the abnormal phenotypes.  Presence of initial (or targeted) mutation 
renders the screening system sensitive to small changes that would be too small 
to be detected in an otherwise wild-type background. 
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• We used two mouse models for our sensitized screen.  The first model involves 

mice carrying a mutation in growth hormone (GH) releasing hormone receptor 
(denoted ‘lit’ allele) resulting in GH deficiency, low IGF-I expression, and 
reduced growth.  The second mouse model lacked smad2, signal transducer for 
TGF-beta, an important bone growth factor.  The smad2-/- mice are lethal, but 
smad2-/+ mice exhibit normal growth.  

 
• We screened 105 F1 mice for dominant mutations and identified 9 

phenodeviants.  We confirmed inheritability of at least three mutants in multiple 
generation of breeding with WT lit/+ or smad2/- mice.  These results indicate a 
higher recovery of mutation in sensitized screen as compared to classical ENU 
mutagenesis, which has recovery rate of <1%.  

 
• The results demonstrate feasibility of sensitized screen approach for identifying 

mutants with skeletal phenotypes.   
 

• The discovery of mutants in a selected pathway will provide a valuable tool to 
discover novel genes involved in selected pathways. 

 
Conclusion 
 
Our study demonstrates feasibility of a sensitized system of screening mutants with 
skeletal phenotypes.  The discovery of mutants in a selected pathway will provide a 
valuable tool to not only to discover novel genes involved in a particular process but it 
will also prove useful for the elucidation of the biology of that process. 
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Abstract

We have previously established mouse genetic models and identified genetic 

components of quantitative trait loci (QTL) on mouse chromosomes that contribute to 

phenotypes such as bone size, bone density, and bone anabolic response to mechanical 

loading. However, these regions contain dozens of unknown genes that are needed for 

functional testing.  In this study, we optimized a protocol of nucleoporation with high

efficiency, by utilizing a commercial nucleofection buffer and Gene Pulser, to deliver a 

test gene into osteoblast cells for functional studies. We cloned an osteoblast 

differentiation-specific gene osterix (Osx) from a mouse bone cDNA library into a 

pHGCX expression vector and used nucleoporation to deliver pHGCX/Flag-Osx into the 

nuclei of MC3T3-E1 cells. We then examined the transfection efficiency, transgene 

expression, and function.  Our results have demonstrated that nucleoporation can deliver 

a transgene into MC3T3-E1 osteoblast cells with approximately 94% transfection 

efficiency, and express functional Flag-Osx fusion protein capable of inducing cell 

differentiation as measured by an increase in alkaline phosphatase (ALP) activity.  

Therefore, this experimental system provides a rapid, safe, and efficient cell-based model 

of high-throughput phenotypic screening to identify candidate genes from physically 

mapped regions that are important for osteoblast differentiation.

Index Entries: Osteoblast, Non-viral, Osterix, Gene Transfer, Electroporation, 

Nucleofector
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Abbreviations: ALP: alkaline phosphatase; BAC: Bacterial artificial chromosomes; 

CMV: cytomegalovirus; ENU: ethylnitrosourea; FACS: fluorescence-activated cell 

sorter; GFP: green fluorescent protein; HSV: herpes simplex virus-1; iBAC: infectious 

BAC; MCS: multiple cloning sites; Osx: osterix; PCR: polymerase chain reaction; QTL: 

quantitative trait loci. 
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Introduction

Osteoporosis is a common disease characterized by an age-dependent loss of bone 

mass and strength, and a microarchitectural deterioration of bone tissue with an increased 

risk of bone fractures (1). Although environment factors, nutrition, and hormones

contribute to the development of osteoporosis, it is clear that genetic factors are the 

primary determinants for the disease (2-5). In order to localize chromosomal regions and 

subsequently identify genes responsible for various musculoskeletal phenotypes, we have 

carried out a genome-wide linkage analyses in several inbred strain F2 crosses and 

ethylnitrosourea (ENU)-induced mutant mouse strains and discovered quantitative trait 

loci (QTL) on mouse chromosomes that contribute to bone phenotypes such as size, 

density, and anabolic response to mechanical loading (6-8). However, these regions 

contain dozens of genes and are still difficult to clone by more time-consuming, 

expensive positional cloning strategies. An alternate approach for identifying disease-

causing genes that is both feasible and efficient is to transfer the unknown genes from the 

QTL regions into bone cells in vitro for a high throughput functional screening.  

The delivery of candidate genes into bone cells via conventional chemical 

transfection or electroporation, although possible, renders a poor efficiency of gene 

transfer and requires drug-selection and identification of stably-integrated transformants 

for functional testing (9, 10).  We and others have previously established a viral gene 

transfer system of HSV-based amplicon to deliver a bacterial artificial chromosome 

(BAC) containing a genomic locus as large as 150-kb with a high transduction efficiency 

in most mammalian cells, including dividing and non-dividing cells for functional studies 

(10-13). The transgene remains as mini-chromosomes in host cells and expresses protein 
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of interest at high level in a position-independent manner (13, 14).  In this study, we

extended our findings and cloned cDNA of candidate genes into the pHGCX expression 

vector (15). We used this gene transfer strategy for the following reasons: 1) Some of our 

test genes may contain large introns (>100 kb), such that the size of intact gene including 

introns and exons could be beyond the limitation of the HSV packaging capacity (e.g. 

>150 kb); 2)  The BAC clone containing the entire candidate gene may be not available 

in the mouse genome databases; and 3) The BAC clone may encode multiple 

alternatively spliced variants with diverse functions from a single gene.  To overcome 

these limitations with the BAC clone approach, we utilized the strategy of using HSV

amplicon-based plasmid containing cDNA of the test gene for non-viral transfection (10, 

15-17). In this regard, we developed an optimal protocol of the “nucleoporation”

technique by utilizing a commercial nucleofection buffer and Gene Pulser to make the 

gene transfer safer, more cost-effective, and feasible. We used the pHGCX expression 

vector carrying osterix (Osx) cDNA as a model system to test the transfection efficiency, 

transgene expression, and function.  Our results indicated that the nucleoporation of 

plasmid DNA bearing a test gene could offer a rapid, simple alternative method of gene 

transfer for functional studies in bone cells.  
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Materials and Methods

Vector constructs: The DNA construct of pHGCX containing CMV promoter in front of 

multiple cloning sites (MCS) was kindly provided by Dr. Yoshinaga Saeki (the Ohio 

State University Medical Center, Columbus, OH). The original construct was modified 

by inserting a small CMV intron from pmaxGFP (Amaxa Inc., Gaithersburg, MD) into 

the corresponding sites of SnaB1 and NheI sites of pHGCX to generate a new expression 

vector driven by CMV promoter/intron (Figure 1). The complete coding sequence of 

osterix (Osx) was amplified from mouse bone cDNA library by polymerase chain 

reaction (PCR) using specific primers with an overhang of Flag sequence at the 5’ end of 

the forward primer. The PCR product of Flag-Osx was cloned into pCR2.1 to generate 

pCR2.1/Flag-Osx using a TA cloning kit (Invitrogen, Carlsbad, CA). The Flag/Osx

fusion gene was then released from pCR2.1/Flag-Osx, and subcloned into the BamH1 

and XhoI sites of pHGCX to generate pHGCX/Flag-Osx (Figure 1). The sequences of 

the primers are provided below:

Forward: 5-gccaccatggactacaaagacgatgacgacaaggcgtcctctctgcttgagga-3’

Reverse: 5’ ttatcagatctctagcaggttgc-3’

Nucleoporation: MC3T3-E1 cells (106) (ATCC, Manassas, VA) were resuspended in 

100 µl of Cell Line Nucleofector buffer T (Amaxa Inc.) containing 10 µg of plasmid 

DNA.  The cells were then transferred into a 2-mm gap width electroporation cuvette, 

and electroporated at 160 V for 15 milliseconds using a Gene Pulser (Bio-Rad, Hercules, 

CA).  After electroporation, the cells were transferred into 3 ml of prewarmed Minimum 

Essential Medium alpha supplemented with 10 % fetal bovine serum, 2 mM L-glutamine, 
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100 units/ml penicillin, and 100 µg/ml streptomycin (Invitrogen) in 60-mm plates, and 

cultured in a humidified 37 0C incubator with 5% CO2. 

Western blot and FACS analyses:  MC3T3-E1 cells were lysed in a lysis buffer 

containing 50 mM Tris-HCl (pH8.0), 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1 x 

Phosphatase Inhibitor, and 1 x Protease Inhibitor cocktail (Sigma, ST. Louis, MO) 24 

hours after transfection.  An aliquot of 10-20 µg cellular protein was separated on a 10% 

SDS-polyacrylamide gel and transferred to nitrocellulose.  The membrane was incubated 

at 4 0C overnight in a buffer containing 5% dry skim milk, 150 mM NaCl, 50 mM Tris-

HCl (pH 8.0), and 0.05% Tween-20.  Immunoblotting was performed in the same buffer 

containing 0.2 µg/ml antibody against Flag (Sigma) or GFP (Santa Cruz, CA) at room 

temperature for 1 hour.  Specific proteins were detected using appropriate secondary 

antibodies and Enhanced Chemiluminescence’s Plus Western blotting detection system 

(Amersham Pharmacia Biotech UK Limited, Buckinghamshire, England). The cells in a 

parallel plate were trypsinized 24 hours post transfection and analyzed by fluorescence-

activated cell sorter (FACS) (BD Biosciences, San Lose, CA) to assess the transfection 

efficiency. 

Cytochemical staining for alkaline phosphatase:  The cytochemical staining for 

alkaline phosphatase (ALP) was performed according to the protocol described 

previously (18). Three days after transfection, MC3T3-E1 cells were washed with PBS, 

and fixed in 0.05% glutaraldehyde at room temperature for 5 minutes.  The cells were 

then incubated at 37 oC for 30 minutes in a staining buffer containing 50 mM Tris-HCl 

pH 8.6),100 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 0.8 mg/ml naphthol AS-
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TR phosphate and 0.6 mg/ml fast red violet LB diazonium (Sigma) in dark, followed by 

two times of washing with PBS and observation without counterstain. 
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Results and Discussion

In the present study, we cloned cDNA of candidate genes into pHGCX expression 

vector (15) and established a non-viral gene transfer system for the constructs less than 

12 kb in length. We chose the pHGCX as an expression system because it contains a 

HSV amplicon, which can be used for both viral and a non-viral gene transfer, and a GFP 

reporter to monitor the efficiency of gene transfer. To improve the expression level, we 

engineered a CMV small intron at the 5’ untranslated region of the Flag-Osx fusion gene. 

Therefore, the transgene was driven by a CMV promoter/intron (Fig 1).  We then utilized

a commercial nucleofection buffer and Gene Pulser to deliver the plasmid DNA directly 

into the nuclei of MC3T3-E1 cells. Twenty-four hours after electroporation, the GFP 

reporter gene was expressed in most of MC3T3-E1 cells transfected with either pHGCX

(Fig 2A) or pHGCX/Flag-Osx (Fig 2B). Flow cytometry analyses revealed more than

94% of the osteoblast cells transfected with the pHGCX or the pGHCX/Flag-Osx plasmid 

expressed GFP (Fig 2C & D).  We have repeated the experiments and found that the 

efficiency of nucleoporation is reliable. The variation in transfection efficiency was less

than 1%, and viability of electroporated cells were more than 90% (data not shown). In 

comparison with our previous data, the efficiency of gene transfer by nucleoporation was 

approximately 10% higher than that of a viral deliver system mediated by a HSV-

amplicon in mouse preosteoblast cells (10).  

The transgene expression of GFP and Flag-Osx was easily detected in the cells 

transfected with pHGCX/Flag-Osx by utilizing Western blot with specific antibodies 

against Flag and GFP (Fig 2E). The pHGCX/Flag-Osx transfected cells expressed high 

level of Flag-Osx fusion protein. As expected, the Flag-Osx fusion protein was 
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undetectable while the expression of GFP was present in the cells transfected with 

pHGCX (Fig 2E). To assess osteoblast differentiation in the cells expressing the Osx

transgene, we carried out an ALP staining 3 days after transfection (Fig 3).  

Approximately 20% of the osteoblast cells overexpressing Osx were differentiated and 

exhibited positive ALP-staining (Fig 3A).  In contrast, less than 1% ALP-positive cells 

were seen in the control cells overexpressing GFP only (Fig 3B) . 

In this study, we have demonstrated that non-viral gene transfer of nucleoporation 

can efficiently deliver plasmid DNA directly into the nuclei of preosteoblast cells. The 

transgene is consistently active and visible for more than 5 days (data not shown), 

although the intensity of GFP reporter becomes weaker with the culture time.  A high 

level of transgene expression of GFP and Osx in the transfected cells was visual as early 

as 4 hours after electroporation, and mediated cell differentiation, validating the 

application of nucleoporation technology for functional studies of candidate genes. 

In vivo testing of candidate genes in a transgenic mouse is time-consuming and 

expensive, requiring the injection of a DNA fragment into fertilized eggs and the 

examination of mouse phenotypes.  Therefore, it would be more efficient to use in vitro

cell models via viral or non-viral gene transfer approaches to test candidate gene function 

before initiating in vivo transgenic studies.  Although infectious viral transduction 

medicated by HSV amplicon provides an alternative approach, the intensive work of 

purifying viral particles and potential contamination of viral particles limits its wide use.  

The studies provided in this manuscript demonstrate that cloning cDNA of an unknown

gene into the pHGCX expression vector can be accomplished within a week. By utilizing 

this approach, a candidate gene search in a QTL region is cheaper, safer, and faster once 
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an appropriate cell model and end points for candidate gene function are determined.  

Our data also indicates that it is feasible to use the Gene Pulser for nucleofection once the 

conditions of voltage and time are optimized. In addition, nucleoporation overcomes the 

limitation of infectious BAC (iBAC) technology to allow testing of the genes that iBAC 

cannot apply.  In this regard, our data demonstrate that nucleoporation in MC3T3-E1 

cells can be used as another gene transfer system for high throughput screening to 

identify genes important for osteoblast cell differentiation.



12

Acknowledgments

This work was supported by Assistance Award No. DAMD17-03-2-0021.  The U.S. 

Army Medical Research Acquisition Activity, 820 Chandler Street, Fort Detrick MD 

21702-5014, is the awarding and administering acquisition office.  The information 

contained in this publication does not necessarily reflect the position or the policy of the 

Government, and no official endorsement should be inferred. All work was performed in 

facilities provided by the Department of Veterans Affairs.

We are grateful to Dr. Yoshinaga Saeki (the Ohio State University Medical Center, 

Columbus, OH) for providing pHGCX plasmid, and Mr. Sean Belcher for his editorial 

help.



13

References

1. Glaser, D. L., and Kaplan, F. S. (1997) Osteoporosis. Definition and clinical 
presentation. Spine 22, 12S-16S

2. Slemenda, C. W., Christian, J. C., Reed, T., Reister, T. K., Williams, C. J., and 
Johnston, C. C., Jr. (1992) Long-term bone loss in men: effects of genetic and 
environmental factors. Ann Intern Med 117, 286-291

3. Slemenda, C. W., Christian, J. C., Williams, C. J., Norton, J. A., and Johnston, C. 
C., Jr. (1991) Genetic determinants of bone mass in adult women: a reevaluation 
of the twin model and the potential importance of gene interaction on heritability 
estimates. J Bone Miner Res 6, 561-567

4. Nicolas, V., Mohan, S., Honda, Y., Prewett, A., Finkelman, R. D., Baylink, D. J., 
and Farley, J. R. (1995) An age-related decrease in the concentration of insulin-
like growth factor binding protein-5 in human cortical bone. Calcif Tissue Int 57, 
206-212

5. Kesavan, C., Mohan, S., Oberholtzer, S., Wergedal, J. E., and Baylink, D. J. 
(2005) Mechanical loading induced gene expression and BMD changes are 
different in two inbred mouse strains. J Appl Physiol

6. Masinde, G. L., Wergedal, J., Davidson, H., Mohan, S., Li, R., Li, X., and 
Baylink, D. J. (2003) Quantitative trait loci for periosteal circumference (PC): 
identification of single loci and epistatic effects in F2 MRL/SJL mice. Bone 32, 
554-560

7. Srivastava, A. K., Kapur, S., Mohan, S., Yu, H., Wergedal, J., and Baylink, D. J. 
(2005) Identification of novel genetic loci for bone size and mechanosensitivity in 
an ENU mutant exhibiting decreased bone size. J Bone Miner Res 20, 1041-1050

8. Kesava, C. M., S.; Yu,H.; Oberholtzer, S.; Wergedal, J.E.;Baylink, D.J.; Mohan, 
S. (2005) Nove mechanoresponsive BMD and bone size QTL identified in a 
genome wide linkage study involving C57BL/6J-C3H/HeJ intercross. J Bone 
Miner Res 20, S75

9. Kofron, M. D., and Laurencin, C. T. (2005) Orthopaedic applications of gene 
therapy. Curr Gene Ther 5, 37-61

10. Xing, W., Baylink, D., Kesavan, C., and Mohan, S. (2004) HSV-1 amplicon-
mediated transfer of 128-kb BMP-2 genomic locus stimulates osteoblast 
differentiation in vitro. Biochem Biophys Res Commun 319, 781-786

11. Wade-Martins, R., Saeki, Y., and Antonio Chiocca, E. (2003) Infectious delivery 
of a 135-kb LDLR genomic locus leads to regulated complementation of low-
density lipoprotein receptor deficiency in human cells. Mol Ther 7, 604- 612

12. Wang, Y., Fraefel, C., Protasi, F., Moore, R. A., Fessenden, J. D., Pessah, I. N., 
DiFrancesco, A., Breakefield, X., and Allen, P. D. (2000) HSV-1 amplicon 
vectors are a highly efficient gene delivery system for skeletal muscle myoblasts 
and myotubes. Am J Physiol Cell Physiol 278, C619-626

13. Wade-Martins, R., Smith, E. R., Tyminski, E., Chiocca, E. A., and Saeki, Y. 
(2001) An infectious transfer and expression system for genomic DNA loci in 
human and mouse cells. Nat Biotechnol 19, 1067-1070



14

14. Saeki, Y., Breakefield, X. O., and Chiocca, E. A. (2003) Improved HSV-1 
amplicon packaging system using ICP27-deleted, oversized HSV-1 BAC DNA. 
Methods Mol Med 76, 51-60

15. Cortes, M. L., Bakkenist, C. J., Di Maria, M. V., Kastan, M. B., and Breakefield, 
X. O. (2003) HSV-1 amplicon vector-mediated expression of ATM cDNA and 
correction of the ataxia-telangiectasia cellular phenotype. Gene Ther 10, 1321-
1327

16. Lenz, P., Bacot, S. M., Frazier-Jessen, M. R., and Feldman, G. M. (2003) 
Nucleoporation of dendritic cells: efficient gene transfer by electroporation into 
human monocyte-derived dendritic cells. FEBS Lett 538, 149-154

17. Iversen, N., Birkenes, B., Torsdalen, K., and Djurovic, S. (2005) Electroporation 
by nucleofector is the best nonviral transfection technique in human endothelial 
and smooth muscle cells. Genet Vaccines Ther 3, 2

18. Wergedal, J. E., and Baylink, D. J. (1984) Characterization of cells isolated and 
cultured from human bone. Proc Soc Exp Biol Med 176, 60-69



15

Legends
Figure 1. A schematic diagram of pHGCX/Flag-Osx construction. The PCR product of 

mouse osterix (Osx) coding sequence tagged with Flag is inserted into BamH1 and XhoI 

sites downstream of the CMV promoter/intron of pHGCX plasmid to generate an 

expression vector of pHGCX/Flag-Osx.

Figure 2. Transgene expression in MC3T3-E1 cells transfected by nucleoporation. A & 

B: GPF expression in MC3T3-E1 cells transfected with pHGCX and pHGCX/Flag-Osx 

respectively; C & D: Representative data of flow cytometric analysis in the cells 

transfected with pHGCX and pHGCX/Flag-Osx respectively; E: Flag-Osx and GFP 

protein expression in MC3T3-E1 cells transfected with pHGCX and pHGCX/Flag-Osx 

respectively, detected by Western blot.

Figure 3. Alkaline phosphatase (ALP) staining of differentiated MC3T3-E1 cells (x 40 

images).  MC3T3-E1 cells are subjected for ALP staining 72 hours after transfection. A: 

the cells transfected with pHGCX control plasmid; B: the cells transfected with 

pHGCX/Flag-Osx. Arrows indicate the ALP-positive cells.
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Abstract

In previous studies, we developed mouse genetic models and discovered genetic components of quantitative trait loci on mouse

chromosomes that contribute to phenotypes such as bone size, bone density, and fracture healing. However, these regions contain

dozens of genes in several overlapping bacterial artificial chromosomes (BACs) and are difficult to clone by physical cloning

strategies. A feasible and efficient approach of identifying candidate genes is to transfer the genomic loci in BAC clones into

mammalian cells for functional studies. In this study, we retrofitted a BAC construct into herpes simplex virus-1 amplicon and

packaged it into an infectious BAC (iBAC) to test gene function in a cell-based system, using a 128-kb clone containing the complete

bone morphogenetic protein-2 (BMP-2) gene. We transduced MC3T3-E1 cells with the iBAC bearing BMP-2 gene and examined

transgene expression and function. Our results have demonstrated that an iBAC can efficiently deliver a BMP-2 genomic locus into

preosteoblast cells and express functional BMP-2 protein, inducing a phenotype of cell differentiation, as indicated by an increase in

alkaline phosphatase activity. Therefore, this experimental system provides a rapid, efficient cell-based model of high-throughput

phenotypic screening to identify the BAC clones from physically mapped regions that are important for osteoblast differentiation. It

also illustrates the potential of iBAC technology in functional testing of single nucleotide polymorphisms located in the distal

promoter or/and intron regions responsible for low bone density.

� 2004 Elsevier Inc. All rights reserved.

Keywords: Osteoblast; HSV-1 amplicon; BMP-2; BAC; Gene transfer; Osteogenesis
Osteoporosis is a common disease characterized by

an age-dependent decrease in bone mineral density

(BMD) and a microarchitectural deterioration of bone

tissue with a consequent increase in the risk of devel-

oping fragility fractures of the hip, spine, and other

skeletal sites [1]. Although multiple environmental, nu-
tritional, and hormonal factors influence the develop-

ment of osteoporosis, it is clear that the major

determinant for the disease is genetic control of BMD,
qAbbreviations: BAC, bacterial artificial chromosomes; iBAC,

infectious BAC; PAC, P1 artificial chromosomes; HSV-1, herpes

simplex virus-1; ALP, alkaline phosphatase; BMP-2, bone morphoge-

netic protein-2; QTL, quantitative trait loci; MOI, multiplicity of

infection; FACS, fluorescence-activated cell sorter; GFP, green fluo-

rescent protein; EBV, Epstein–Barr virus; PCR, polymerase chain

reaction.
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particularly the achievement of peak bone mass at ma-

turity, bone size and structure, and the subsequent rate

of bone turnover [2–5]. Recently, genome-wide linkage

analyses have revealed that the genetic components of

quantitative trait locus (QTL) on human chromosomes

1q, 2p, 4p, 11q, and 13q are attributed to BMD [6–8],
while the loci on chromosomes 17q and 19p are re-

sponsible for bone size [9]. However, none of the QTLs

reported have actually met criteria for genome-wide

significance for linkage, and the results are inconsistent

due to the great variation between study groups and

populations, as well as the possible involvement of dif-

ferent pathways. To localize chromosomal regions and

subsequently identify the genes responsible for skeletal
diseases, we have developed mouse genetic models and

discovered QTLs on mouse chromosomes that contrib-

ute to phenotypes such as bone size, bone density, and

fracture healing [10–12]. Subsequent analyses of the
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congenic mice further confirmed and narrowed the genes
of interest to a 3–12.5 centimorgan (cM) region in

mouse chromosome 1 [13,14]. However, these regions

contain dozens of genes and are still difficult to clone by

time-consuming, expensive position-cloning strategies.

However, a feasible and efficient approach for identify-

ing candidate genes is to transfer the genomic loci of

overlapping bacterial artificial chromosomes (BACs) or

P1 artificial chromosomes (PACs) encompassing the
QTL regions into bone cells in vitro for a high-

throughput functional screening.

The delivery of large genomic DNA inserts of BACs

or PACs into mammalian cells via chemical methods

and non-viral vectors, although possible, renders a poor

efficiency of gene transfer and requires the drug-selec-

tion and identification of stably integrated transfor-

mants for functional testing [15–17]. However, the
recent advances in infectious BAC (iBAC) technology

using the herpes simplex virus type 1 (HSV-1) amplicon

in the gene therapy field have made it possible to deliver

a genomic locus as large as 150-kb with a high trans-

duction efficiency in most mammalian cells, including

dividing and non-dividing cells in vitro and in vivo

[18–21]. The improved delivery system of the HSV-1

amplicon also contains an EBNA-1 episomal cassette
from the Epstein–Barr virus, (EBV) allowing long-term

retention and high level of position-independent ex-

pression of BAC transgenes as mini-chromosomes in the

host cells [20,21]. Therefore, the iBAC offers a rapid and

simple method of BAC DNA transfer for functional

genomic studies. This system also allows us to test the

functional significance of the large number of gene-as-

sociated single nucleotide polymorphisms (SNP) located
in the regions of the distal promoter or/and introns that

could contribute to low bone density [22,23]. In this

study, we chose a BAC clone bearing the bone mor-

phogenetic protein-2 (BMP-2) locus and assembled the

genomic DNA as an infectious virion as a model to test

the genomic DNA transfer and function. Our results

indicated that the iBAC could efficiently deliver a BMP-

2 genomic locus and express functional protein pro-
moting osteoblast differentiation.
Materials and methods

Vector constructs. The DNA constructs of pCTP-T, pEBHICP27,

pEHHG, and fHSVD-pac, D-27, 0+ were described in detail elsewhere

[20,21], and kindly provided by Dr. Yoshinaga Saeki (Massachusetts

General Hospital, Harvard Medical School, MA). A BAC clone,

RP23-302H4, containing a complete BMP-2 locus was purchased from

Invitrogen Life Technologies (Carlsbad, CA).

Cell culture. Vero 2-2 cells (kindly provided by Dr. Rozanne San-

dri-Goldin, University of California, Irvine, CA) were routinely

maintained in Dulbecco’s modified minimal essential medium (Invit-

rogen) with 10% fetal bovine serum, 100U/ml penicillin, 100lg/ml

streptomycin, and G486 (500lg/ml). MC3T3-E1 cells (ATCC, Ma-

nassas, VA) were propagated in alpha minimum essential medium
(Invitrogen) supplemented with 10% calf serum, 100U/ml penicillin,

and 100lg/ml streptomycin. The cells were cultured in a humidified

37 �C incubator with 5% CO2.

Retrofitting of BAC clone. The retrofitting of BAC clone into HSV-

1/EBV amplicons was carried out by Cre-mediated recombination in

bacterial cells as described previously [21]. Briefly, an aliquot of 35 ll
electro-competent cells containing BAC/BMP-2 (RP23-302H4) was

mixed with 10 ng each of pEHHG and pCTP-T plasmid DNA, and the

mixture was transferred into 0.1-cm gap width electroporation cuvette

(Bio-Rad, Hercules, CA). After 5min incubation on ice, the cells were

electroporated with 25 lF at 1800V using a Gene Pulser (Bio-Rad),

then transferred into a 15-ml conical tube containing 500ll SOC with

20 lg chlortetracycline (Sigma, St. Louis, MO), and incubated at 30 �C
with rigorous shaking for 1 h. An aliquot of 100ll of the bacterial

culture was transferred into a new 15-ml tube containing 20 lg/ml

chlortetracycline, 100lg/ml ampicillin, and 20 lg/ml chloramphenicol

in 900ll SOC, and incubated at 30 �C with shaking for another 3 h.

Subsequently, 50–100ll of the bacterial culture was plated on LB

plates containing 100lg/ml ampicillin and 20 lg/ml chloramphenicol,

and incubated overnight at 43 �C. DNA of individual clones was pu-

rified and verified by polymerase chain reaction (PCR) using specific

primers to BMP-2 (forward: 50-CCTTCGGAAGACGTCCTCAG and

reverse: 50-TCACTCGATTTCCCTCCAGT) and GFP (forward: 50-

TGCCACCTACGGCAAGCTGA and reverse: 50-CCATGTGATCG

CGCTTCTCG) to confirm the correct retrofitted BAC clone.

Packaging HSV-1 amplicon into virion. HSV-1 amplicon was

packaged into infectious virion as described previously [21]. Briefly,

Vero 2-2 cells (106) were plated in a 60-mm dish. After 18 h, the cells

were co-transfected with 2.0lg pHSV-BAC/BMP-2 or pEHHG, 0.2 lg
pEBHICP27, and 2lg fHSVD-pac, D-27, 0+ using LipofectAMINE

Plus (Invitrogen) for 4 h. The cells were scraped into the supernatant

60 h post-infection, frozen and thawed once, sonicated for 1min, and

centrifuged at 3500 r.p.m. for 15min. The supernatant was then con-

centrated through a 25% sucrose by ultracentrifuging, and the ampli-

con pellet was resuspended in Hanks’ buffered salt solution. The

purified HSV-1 amplicon was titered in Vero 2-2 cells by counting the

number of GFP positive cells after 24 h infection. Typically, the ti-

tration of HSV-1 amplicon stocks was around 5� 106–107 GFP

transducing units/ml.

HSV-1 virion infection, Western blot and FACS analyses. MC3T3-

E1 cells were plated in a 6-well plate at a density of 105/well. After 24 h,

the cells were infected at a multiplicity of infection (MOI) of 5 with

HSV-1 amplicon. After 6 h infection, the medium was removed, and

fresh medium was added to the cells. The cells were lysed in a lysis

buffer containing 50mM Tris, pH 8.0, 150mM NaCl, 0.1% SDS, 1%

Triton X-100, and 1�Protease Inhibitor cocktail (Sigma) 24 h after

infection. An aliquot of 60 lg cellular protein was electrophoresed on a

15% SDS–polyacrylamide gel and transferred to nitrocellulose. The

membrane was incubated at 4 �C overnight in a buffer containing 5%

dried skim milk, 150mM NaCl, 50mM Tris–HCl (pH 8.0), and 0.05%

Tween 20. Immunoblotting was performed in the same buffer con-

taining 0.2lg/ml antibody against BMP-2 or GFP (Santa Cruz, CA) at

room temperature for 1 h. Specific proteins were detected using ap-

propriate secondary antibodies and ECL+plus Western blotting de-

tection system (Amersham–Pharmacia Biotech UK Limited,

Buckinghamshire, England). The cells in a parallel well were trypsi-

nized 24 h post-infection and analyzed by fluorescence-activated cell

sorter (FACS) (BD Biosciences, San Lose, CA) to assess the trans-

duction efficiency [24].

Cytochemical staining for alkaline phosphatase. The cytochemical

staining for alkaline phosphatase (ALP) was performed according to

the protocol described previously [25]. Nine days after HSV-1 ampli-

con infection, the MC3T3-E1 cells were washed with PBS and fixed in

0.05% glutaraldehyde at room temperature for 5min. The cells were

then incubated at 37 �C for 30min in a staining buffer containing

50mM Tris–HCl, pH 8.6, 100mM NaCl, 5mM KCl, 1mM CaCl2,

1mM MgCl2, 0.8mg/ml naphthol AS-TR phosphate, and 0.6mg/ml
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fast red violet LB diazonium (Sigma) in dark, followed by observation

without counterstain.
Results and discussion

We searched the GenBank database and identified a

mouse BAC library clone containing a complete 8.7-kb
BMP-2 genomic DNA locus driven by a 20.5-kb native

promoter within a 128.5-kb insert. We chose this clone

because it contains a single BMP-2 gene with most, if

not all, of the regulatory elements in the promoter, in-

trons, and 30 non-coding regions that may regulate a

physiological gene expression [26,27]. The length of the

BAC clone is also within the size limits that the HSV-1

vector can efficiently package into an iBAC [21]. We
used a Cre/loxP-based retrofitting method to convert the

BAC/BMP-2 with the pEHHG, consisting of HSV-1
Fig. 1. Schematic diagram of infectious HSV-1/BAC/BMP-2 construct.

(A) A detailed structure of retrofitted BAC clone. The retrofitting

vector pEHHG containing the HSV-1 amplicon elements (oris and pac)

and GFP, the EBV episome retention cassette (oriP/EBNA-1/hygr), the

R6K bacterial replication origin, and a loxP site is retrofitted into the

BAC clone bearing a complete BMP-2 locus by homologous recom-

bination. The retrofitted BAC contains both GFP reporter and BMP-2

genes. (B) Verification of pHSV-BAC/BMP-2 construct by polymerase

chain reaction (PCR). Lane 1: pEHHG control; lane 2: BAC/BMP-2

control; and lane 3: pHSV-BAC/BMP-2 containing both GFP and

BMP-2 genes.
amplicon elements, enhanced green fluorescent protein
(GFP), EBV episome retention cassette, R6K bacterial

replication origin, and a loxP site to generate a 152-kb

construct of pHSV-BAC/BMP-2 (Fig. 1A) [20,21].

Subsequently, a PCR with specific primers to BMP-2

and GFP was performed to confirm the presence of two

genes within a single pHSV-BAC/BMP-2 construct

(Fig. 1B). We then packaged the pHSV-BAC/BMP-2

into the iBAC [21] and infected MC3T3-E1 cells to test
the transgenes’ function (Fig. 2). Twenty-four hours

after infection, the GFP reporter gene was expressed in

most of MC3T3-E1 cells transduced with either an

HSV-1 mock (Fig. 2C) or an HSV-BAC/BMP-2 ampli-

con (Fig. 2D). Flow cytometry analyses revealed that

84% of the osteoblast cells transduced with HSV-1 mock

amplicon expressed GFP (Fig. 2E) and 77% of the cells

infected with HSV-BAC/BMP-2 virion were GFP-posi-
tive (Fig. 2F). To compare the efficiencies of transduc-

tion and transfection, we also transfected MC3T3-E1

cells with pEHHG and pHSV-BAC/BMP-2 (Fig. 1A)

using Lipofectamine-Plus. Only less than 5% of MC3T3-
Fig. 2. GFP reporter expression in MC3T3-E1 cells transfected and

transduced with HSV-1 amplicon for 24 h (40� images). (A) MC3T3-

E1 cells transfected with pEHHG (4lg) using optimized lipofectamine;

(B) MC3T3-E1 cells transfected with pHSV-BAC/BMP-2 (4lg) using
optimized lipofectamine; (C) MC3T3-E1 cells transduced with infec-

tious HSV-1 mock amplicon without BMP-2 genomic locus; (D)

MC3T3-E1 cells transduced with infectious HSV-1 amplicon contain-

ing a BMP-2 genomic locus; (E) representative data of flow cytometric

analysis in MC3T3-E1 cells infected with HSV-1 mock amplicon

containing GFP but no BMP-2 genomic locus; and (F) representative

data of flow cytometric analysis in MC3T3-E1 cells infected with HSV-

1 amplicon containing GFP and a BMP-2 genomic locus.



Fig. 3. Western immunoblot analyses of BMP-2 expressed in trans-

duced MC3T3-E1 cells. MC3T3-E1 cells are infected with HSV-1

amplicon for 24 h and harvested for Western blot analysis. An aliquot

(60 lg, 106 cells) of cellular lysate is separated on 15% SDS–PAGE,

transferred to nitrocellulose membranes, and blotted using antibodies

against BMP-2 and GFP, respectively. Lane 1: positive control of re-

combinant BMP-2 (100 ng); lane 2: the cells infected with HSV-1 mock

amplicon containing GFP but no BMP-2 genomic locus; and lane 3:

the cells infected with HSV-1 amplicon containing GFP and a BMP-2

genomic locus.

Fig. 4. Alkaline phosphatase (ALP) staining of differentiated MC3T3-

E1 cells (40� images). MC3T3-E1 cells are differentiated for 9 days and

subjected to ALP staining. (A) The cells infected with HSV-1 mock

amplicon without a BMP-2 genomic locus; (B) the cells infected with

HSV-1 amplicon containing a BMP-2 genomic locus; (C) negative

control of MC3T3-E1 cells treated with vehicle; and (D) positive con-

trol of MC3T3-E1 cells treated with recombinant BMP-2 (200 ng/ml).
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E1 cells transfected with pHSV-BAC/BMP-2 expressed

GFP (Fig. 2A) whereas approximately 10% of the cells

transfected with pEHHG turned green (Fig. 2A).

Obviously, the efficiency of transduction of BAC-based

amplicon was at least 15-fold higher than that of lipid-
based transfection (Fig. 2).

The expression of the transgene was examined in cell

extract by utilizing Western blot with specific antibodies

against BMP-2 and GFP (Fig. 3). The amount of BMP-

2 protein was estimated to be 10 ng/106 cells based on

Western blot analysis (Fig. 3). However, we failed to

detect BMP-2 expression in the same number of either

native MC3T3-E1 cells or the cells transfected with
pHSV-BAC/BMP-2 (Fig. 3 and data not shown). To

assess osteoblast phenotype in the cells expressing BMP-

2 transgene, we carried out an ALP staining 9 days after

transduction (Fig. 4). Like the cells treated with 200 ng/

ml recombinant human BMP-2, about 20% of the os-

teoblast cells were differentiated and exhibited positive

ALP-staining (Figs. 4B and D). No ALP-positive cells

were seen in the control cells infected with HSV-1 mock
amplicon without BMP-2 genomic locus (Fig. 4A) or the

cells treated with vehicle alone (Fig. 4C).

In this study, we have demonstrated that the HSV-1

amplicon can efficiently transfer a large piece of

genomic locus (Fig. 2), and retain it as episomes in

proliferating cells [18]. The GFP gene is consistently

active and visible for at least 2 weeks, although the

intensity becomes weaker as reported by other inves-
tigators [24]. The functional BMP-2 protein in the in-

fected cells was detectable 24 h and even 72 h after

infection (Fig. 3 and data not shown) and mediated

cell differentiation (Fig. 4) [28]. However, accurate
quantification of BMP-2 expression level was impossi-

ble because the secreted BMP-2 in the medium was not

measured. Nevertheless, the transgene of BMP2 was
active and promoted a phenotypic change of targeting

cells (Fig. 3, lane 3 and Fig. 4), validating the appli-

cation of iBAC technology.

In vivo testing of candidate genes in a BAC-based

transgenic mouse is time-consuming and expensive, re-

quiring the injection of BAC inserted into fertilized eggs

and the examination of mouse phenotypes. Therefore, it

would be more efficient to use in vitro cell models via the
BAC clone approach to test candidate gene function

before introducing in vivo transgenic studies. The

studies provided in this manuscript demonstrate that

retrofitting of the BAC clone and packaging of the HSV-

1 amplicon into infectious virion can be accomplished

within 1–2 weeks of work. By utilizing this approach, a

candidate gene search in a QTL region is feasible once

an appropriate cell model and end points for candidate
gene function are determined. In this regard, our data

demonstrate that MC3T3-E1 cells can be used as a

model for high-throughput phenotypic screening to

identify genes important for osteoblast cell differentia-

tion. We have also used this system in C2C12 cells and

proved that iBAC containing BMP-2 locus can induce

premyoblast dedifferentiation and subsequently commit

to osteoblast lineage (data not shown), providing an-
other cell-based model for gene function of dedifferen-

tiation. In addition, BAC or PAC can carry a genomic

locus encompassing an intact gene(s) with all regulatory

elements including enhancers, suppressors and locus

control region that can direct physiological levels of

tissue-specific expression for gene therapy. It can also be
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manipulated to engineer a deletion, an insertion, and a
site-specific mutation in Escherichia coli by homologous

recombination to mimic natural polymorphisms to test

the functional significance of SNPs located in the distal

promoter or/and intron regions.
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Transfer of 128-kb BMP-2 Genomic Locus by HSV-Based Infectious BAC 
Stimulates Osteoblast Differentiation: A Platform for Functional Genomic Studies 
W. Xing, D. J. Baylink, C. Kesavan*, S. Mohan. JLP VAMC/LLU, Loma Linda, CA, USA. 
Presentation Number: SA258 
In order to localize chromosomal regions and subsequently identify the genes responsible for 
musculoskeletal diseases, we previously developed mouse genetic models and discovered quantitative trait 
loci (QTL) in a number of mouse chromosomes that contribute to phenotypes such as bone density, size 
and strength. Subsequent analyses of the congenic mice further confirmed and narrowed two predominant 
QTLs that regulate BMD to < 5 cM regions in mouse chromosome 1. However, these regions contain 
dozens of genes and are still difficult to clone by time-consuming, expensive positional cloning strategies. 
A feasible and efficient approach for identifying candidate genes is to transfer the genomic loci of 
overlapping bacterial artificial chromosomes (BACs) or P1 artificial chromosomes (PACs) encompassing 
the QTL regions into bone cells in vitro for a high throughput functional screening. In this study, we 
retrofitted a BAC construct into herpes simplex virus-1 (HSV-1) amplicon and packaged it into an 
infectious BAC (iBAC) to test gene function in a cell-based system, using a 128-kb clone containing the 
complete bone morphogenetic protein-2 (BMP-2) gene. We transduced MC3T3-E1 cells with the iBAC 
bearing BMP-2 and examined transduction efficiency, transgene expression and function. Our experiments 
revealed that approximately 84% of MC3T3-E1 cells were transduced by the iBAC at a multiplicity of 
infection (MOI) of 5. The amount of BMP-2 protein was estimated to be 10 ng per 106 cells 24 hours after 
infection of HSV amplicon containing BMP-2 genomic locus. Like the cells treated with 200 ng/ml 
recombinant human BMP-2, about 20% of the osteoblast cells were differentiated and exhibited positive 
ALP-staining 9 days post-infection. No ALP-positive cells were seen in the control cells infected with 
HSV-1 mock amplicon without BMP-2 genomic locus. Our results have indicated that an iBAC can 
efficiently deliver a BMP-2 genomic locus into preosteoblast cells and express functional BMP-2 protein, 
stimulating a phenotype of cell differentiation. Therefore, this experimental system provides a rapid, 
efficient cell-based model of high-throughput phenotypic screening to identify the BAC clones from 
physically mapped regions that are important for osteoblast differentiation. Because multiple copies of 
BAC clones can be transferred into the target cells depending on the amount of HSV used, the BAC clone 
approach also provides a sensitive platform for studies on gene function, gene expression and for 
identification of gene regulatory elements that are located in the intronic regions. 
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Abstract

Sex-dependent differences were identified in the femoral bone parameters of male and 

female ob/ob (leptin knockout) mice as compared with their C57BL/6 wild-type control 

background strain. Total fat, lean and body weight were not different between adult male and 

female leptin knockout mice but significantly lower than adult male and female C57BL/6 mice. 

pQCT measurements at the femoral midshaft revealed that the normal differences in the 

periosteal circumference, endosteal circumference, total bone mineral content and polar moment 

of inertia normally observed between adult male and female wild-type mice were lost between 

adult male and female ob/ob mice. Significant reductions in these bone parameters were seen in

male ob/ob mice as compared to male wild-type mice, but not in female ob/ob mice as compared 

to female wild-type mice. In pre-pubertal mice, there were no differences in phenotype and 

femoral bone parameters between male and female mice within any strain, suggesting sex 

hormone functions. Serum free testosterone levels were 5.6-fold higher in adult male ob/ob mice 

than in adult male C57BL/6 wild-type mice, and serum estradiol levels were 1.8 and 1.3-fold 

greater in adult male and female ob/ob mice, respectively, than in their wild-type counterparts. 

Androgen receptor gene expression was not different in the periosteal cells of male ob/ob mice 

as compared with wild-type mice. The loss of sex-related differences in these bone parameters in

adult male ob/ob mice might result from deficient signaling in the androgen signaling pathway, 

and that leptin functions are permissive for androgen effects on bone development.
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Introduction

Leptin is a 16 kDa protein expressed predominantly in adipose tissue and functions as a 

hormone to regulate body fat [1]. Changes in the level of circulating leptin alter feeding 

behavior, metabolism, and endocrine functions [2]. However, recent data indicate that leptin is 

also an important regulator of bone mass [3, 4]. Genetic variations in leptin have been associated 

with bone size and shape [5]. It exerts dual effects on bone formation, depending on the route of 

administration: when administered through the central nerve system, it produces an anti-

osteogenic effect, which appears to be mediated directly through hypothalamic signaling at the 

sympathetic nervous system [6]. Conversely, when administrated peripherally, leptin stimulates 

osteoblast differentiation and mineralization of bone matrix, enhancing the development of the 

periosteal envelope in growing bone during early life [7]. Hamrick et al. [8] showed that leptin 

deficiency has differential effects on bone mass in the axial and appendicular skeleton, indicating 

that leptin produces different local effects at different bone sites. Osteoblasts express leptin 

receptors, which presumably permit leptin to directly stimulate bone metabolism at different 

skeletal sites [9]. Thus, while it is clear that leptin has a role in regulating bone size, the 

mechanisms by which leptin regulates bone growth and development at different skeletal sites 

are complex and remain to be elucidated. It also remains unclear whether the osteogenic effects 

of leptin are mediated entirely through direct action of leptin on bone, or indirectly, through the 

systemic functions of other hormones.

Gender-specific effects on bone mass also implicate the sex steroid hormones in bone 

metabolism [10]; androgen action has been traditionally thought to be primarily anabolic, while 

the estrogen acts mainly through the suppression of resorption [11]. Estrogen also regulates the 

closure of the epiphyseal growth plate that affects bone length. The larger bone size in adult 
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males as compared to females is generally attributed to androgen activity that mediates the 

periosteal expansion, though aromatization and estrogen can also influence this parameter [see 

reviews 12, 13]. These observations suggest that the sex steroid effects on bone formation are 

likely to be complex.

There is also circumstantial evidence that leptin might also regulate sex steroid functions, 

especially those of testosterone. The receptors for androgen and estrogen have been identified in 

bone cells [see reviews 14, 15]. Several studies have demonstrated that leptin levels are inversely 

correlated with testosterone [16, 17], suggesting an interaction between these hormones. 

However, the potential interactions between the sex hormones and leptin on the regulation of 

bone metabolism have not been functionally assessed, since previous studies in leptin deficient 

(ob/ob) mice [4, 8, 18] or leptin receptor-deficient (fa/fa) rats [19] have examined various bone 

parameters in one gender, or combined male and female subjects. These approaches yielded 

valuable information but could not resolve sex-specific differences in bone measurements

produced by leptin.

The objective of this study was to evaluate whether interactions between leptin and the sex 

hormones affect bone formation. Accordingly, male and female leptin knockout (ob/ob) and wild 

type control mice were examined for body and bone size to identify any sex-related effects of 

leptin on bone development. In this report we show that a comparison of the femurs of male and 

female mice from the mouse strain with their wild-type counterparts reveals a surprising loss of 

sex-specific bone characteristics in the male leptin knockout mice. We conclude that leptin is an 

important modulator of androgen-related functions in bone growth.
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Materials and Methods

Mice. Heterozygous male and female leptin knockout (ob/ob) mouse (B6.v-Lepob/J) breeders

were obtained from the Jackson Laboratories (Bar Harbor, ME) and maintained at the J.L. Pettis 

Memorial Veterans Administration Medical Center. Male and female mice of the wild-type 

background strain C57BL/6 were also obtained from the Jackson Labs. Leptin knockout mice 

were bred and the homozygous leptin deficient genotype confirmed by PCR as previously 

described [20]. All animal procedures were approved by the local Institutional Animal Care and 

Use Committee.

Phenotypic comparison of body characteristics and bone parameters. The body characteristic

comparison was performed at 10 weeks of age in groups of 12 male and female mice. Total body 

fat and total lean body mass (excluding the head) of live mice were determined under general 

anesthesia by dual energy X-ray absorptiometry (DEXA) using a PIXIMUS system (Lunar 

Corp., Madison, WI).

Bone parameters were compared in 13 to 14 week-old male and female mice following 

euthanasia by carbon dioxide inhalation (n=12 each sex). Femurs were collected and fixed in 

10% formalin. Femur length and midshaft diameter were manually measured with calipers.

Periosteal circumference (PC), endosteal circumference (EC), polar moment of inertia (MOI, a 

measure of the distribution of material around a given axis), marrow area (MA) and total bone 

mineral content (BMC) of midshaft of femurs were determined by peripheral quantitative 

computerized tomography (pQCT, Stratec XCT 960M, Norland Medical Systems, Ft. Atkinson, 

WI) with the analysis thresholds of 630-630 for cortical bone (PC, EC, MOI) and 570-214 for 

cancellous bone (MA, total BMC) in adult mice.
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In a separate experiment that examined bone parameters prior to the onset of sex hormone 

function, the femurs of 3 week old pre-pubertal mice in groups of 6 of both sexes were also 

compared. The thresholds for cortical bone and cancellous bone of pre-pubertal mice were 300-

350 and 250-300 respectively, as described by Richman et al. [21] and Taylor et al. [22].

Sex hormone assay. Mouse sera were separated from blood samples collected from the retro-

orbital venous plexus of live animals under general anesthesia. Sera were stored frozen at -70oC 

until assay. Serum testosterone and estradiol levels were determined using the respective 

radioimmunoassay (RIA) kits obtained from MPBio (Orangeburg, NY), according to the 

manufacturer’s specifications.

Androgen receptor real-time RT-PCR. Expression of the androgen receptor gene in 5 leptin 

knockout and 5 wild-type male mice was analyzed by real-time PCR. Total RNA was isolated 

from whole femurs using by Trizol (Invitrogen, Grand Island, NY) extraction, purified using the 

RNeasy mini kit (Qiagen, Valencia, CA) according to the manufacturers’ specifications. RNA 

integrity was confirmed on the Agilent Bioanalyzer (Agilent, Santa Clara, CA) and reverse-

transcribed to cDNA using SuperScript-III kit (Invitrogen) according to the manufacturers’ 

specifications.

Androgen receptor gene expression was normalized to the expression of the cyclophilin-A 

housekeeping gene. Gene-specific primers were synthesized by IDT (Coralville, IA). The 

forward 5’-TAC TCT GCC TCC GAA GTG TG-3’ and reverse 5’-TCC GTA GTG ACA GCC

AGA AG-3’, androgen receptor primers, corresponded to bases 1458 to 1477 and 1688 to 1669, 

respectively, of the mouse androgen receptor gene (Accession #: X53779). The forward 5’-GCA

TAC AGG TCC TGG CAT CT-3’ and reverse 5’-TCT TGC TGG TCT TGC CAT TC-3’ 

cyclophilin-A primers corresponded to bases 351 to 370 and 544 to 525, respectively, of the 
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mouse cyclophilin-A gene (Accession #: XR_003025). Real-time RT-PCR was performed in 

duplicate for each sample on an Opticon thermal cycler (BioRad-MJ Research, Hercules, CA) 

using the SYBR Green-based Quantitect assay kit (BioRad, Hercules, CA) according to the 

manufacturer’s specifications. Reaction conditions provided the most efficient amplification 

from either set of primers were 95oC for 45 seconds, 55oC for 45 seconds, and 72oC for 30 

seconds for 40 cycles. Androgen receptor gene expression was expressed as fold-activation and 

calculated from the difference cycle number between androgen receptor and cyclophilin-A 

genes.

Statistical analysis. Statistical analysis was performed by two-way ANOVA with a post-hoc 

Newman-Kuels Test for phenotypic comparison of body and skeletal characteristics as well as 

serum sex hormone comparison. All data are expressed as the Mean ± Standard Error of the 

Mean (SEM). Differences were deemed significant at p<0.05.

Results

Phenotypic comparison of body characteristics in adult male and female leptin knockout and 

C57BL/6 wild-type mice. Homozygous leptin knockout mice are recognizable by an increased 

obesity that is evident by 3 weeks of age. As previously reported [21, 22], male wild type 

C57BL/6 mice, by the age of 10 weeks exhibit significantly higher body weight, greater body fat 

and greater total lean body mass than females [21, 22]. There was an approximately 2-fold 

increase in body weight (Fig.1A) and a 6-fold increase in total body fat (Fig.1B), and a 

significant difference in the total lean body mass (Fig. 1C) in both male and female leptin

knockout mice as compared to male and female C57BL/6 wild-type mice. For each of these 

parameters, the differences between adult C57BL/6 male and female mice were not observed 
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between the male and female leptin knockout mice, indicating that the sex differences in body 

weight, body fat and total lean body mass were lost in leptin knockout mice.

Bone parameter comparison in adult male and female leptin knockout and C57BL/6 wild-type 

mice. Consistent with the previous report that male leptin knockout mice had a shorter femur 

length than male wild type control mice [8], the femurs of 13 to 14 week-old male and female 

leptin knockout mice were significantly (p<0.0002) shorter than C57BL/6 mice by 9%. There 

was no significant difference in femur length between males and females of either strain at this 

age statistically, though male femurs of both strains were longer than the femurs of their females 

(Fig. 2A). 

We next evaluated various bone parameters between the leptin knockout and C57BL/6 

strains for sex-related differences in femur size. The bone parameters were examined by pQCT 

at the midshaft of femur. Cortical periosteal circumference (PC), endosteal circumference (EC)

and polar moment of inertia (MOI), as well as marrow area (MA) and total bone mineral content 

(BMC) were examined at the femoral midshaft.  As previously reported [21], adult male 

C57BL/6 mice have greater femoral PC than female. PC, EC and polar MOI of male C57BL/6 

mice were significantly greater than those of male leptin knockout mice (Fig. 2B, C and F). 

These differences in PC were confirmed by caliper measurement of both the lateral-medial and 

anterior-posterior diameters of femoral midshaft using calipers (data not shown).  Consistent 

with these data, the MA and total BMC of adult male C57BL/6 mice were significantly greater

than the corresponding female mice (Fig. 2D, E). The sex-related differences in these bone 

parameters seen in C57BL/6 mice were reduced in male ob/ob mice to levels similar to those of 

female ob/ob mice, so that there was no significant difference between male and female adult 

leptin knockout mice in any parameter of femur size (Fig. 2A-E). A closer examination of the PC 
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and EC values for male leptin knockout mice revealed a slightly thinner cortical bone thickness 

in the femur as compared with the C57BL/6 mice (Fig. 2B,C), a result consistent with the 

previous study in male leptin knockout and C57BL/6 mice [8]. Also consistent with that study,

male wild-type mice had a greater MA than male leptin knockout mice (Fig. 2D). There was no 

significant difference in any of the bone size parameters between the females of either strain.

These data indicate that the male sex-related increase in bone size is completely lost in leptin 

knockout mice.

Phenotypic comparison of body characteristics and bone parameters in pre-pubertal male and 

female leptin knockout and C57BL/6 mice. To demonstrate that the loss of sex-specific skeletal 

characteristics in male leptin knockout mice may relate with sex hormone biological activity, we 

compared the basal levels of body characteristics and bone parameters in male and female pre-

pubertal mice at 3 weeks of age. In phenotypic comparison, body weight, total body fat and total 

body lean mass did not significantly differ between male and female mice in either strain (Fig.

3A-C).  These observations are consistent with the previous results in C57BL/6 mice [21]. Male 

C57BL/6 mice have similar body weight, total lean body mass and femur length as those in male 

leptin knockout mice. There was approximately 2-fold increase in total body fat in leptin 

knockout mice than that in their corresponding C57BL/6 mice at this age (Fig 3B), suggesting 

that leptin regulation of body fat is independent of sex steroid effects. 

In the comparison of the bone size parameters of these mice (Fig. 4), the length of the femurs 

in male and female mice was not significantly different in either the leptin knockout or the 

C57BL/6 mice (Fig. 4A). From a pQCT examination of the femur at midshaft, the bone 

paramenters, PC, EC, MA, BMC, and polar MOI were also found not to be significantly different 

among male and female leptin knockout and C57BL/6 mice at the pre-pubertal age. All test bone 
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parameters in male C57BL/6 and leptin knockout mice were similar to those of their female 

ones. Therefore, except for the body fat, there were no significant differences in body 

characteristics and bone parameters between pre-pubertal leptin knockout and C57BL/6 mice, or 

between males and females of either strain of mouse at this age.  

Comparison of serum sex hormone levels in adult male and female leptin knockout and C57BL/6 

wild-type mice. To assess whether the loss of the sex-related differences in leptin knockout mice 

was due to a deficiency in sex-steroids, we next evaluated the serum levels of free testosterone 

(FT) and estradiol. Male leptin knockout mice had approximately a 5-fold greater serum FT than 

male C57BL/6 wild-type mice (Fig. 5A). The large variations in the serum FT levels of male 

leptin knockout mice as compared to male C57BL/6 reflected a greater individual difference in 

sex hormone levels in male leptin knockout mice. There was no detectable serum FT in either

female wild type or female leptin knockout mice. 

Male and female leptin knockout mice exhibited no significant differences in serum estradiol,

but each was significantly greater than the corresponding C57BL/6 mice (Fig. 5B). There were

approximately 1.3-fold and 1.8-fold greater estradiol levels in female and male leptin knockout 

mice than in the female and male C57BL/6 mice, respectively. These greater serum free 

testosterone levels in male leptin knockout mice and estradiol levels in both sexes of leptin 

knockout mice imply that their concentrations should be sufficient to produce a wild-type femur 

size in each sex. Thus, the functional deficiency in the acquisition of normal bone size in male 

leptin knockout mice was not the result of insufficient levels of circulating free testosterone. A 

comparison of the androgen receptor gene expression in male leptin knockout and C57BL/6 mice 

failed to detect any significant differences in transcript levels (data not shown).
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Discussion

Leptin has pleiotropic effects, using multiple pathways to regulate bone formation and 

balance bone formation with fat production. Previous studies have examined various bone 

parameters in leptin deficient animals [4, 8, 18, 19], but they have either examined one gender or 

combined males and females in the same analysis, failing to resolve sex-specific differences in 

bone measurements. Additionally, different components of the leptin axis have been examined in 

various studies, including leptin and leptin receptor models in mice and rats. Sex-specific 

differences in these models have not been well characterized, and to our knowledge this is the 

first study to identify sex-related differences in bone size in leptin knockout mice.

We compared the femoral parameters of bone size when the usual differences in the lean 

body mass between male and female wild-type mice were not detected between male and female 

leptin-deficient mice, despite a doubling in the total body weight observed in the adult leptin 

knockout mice relative to the wild-type mice (Fig. 1). The reduced lean body mass in male leptin 

knockout mice suggested a sex hormone interaction with leptin. Because sex hormone effects are 

also expected to affect bone size, we examined the femur in adult mice, which has been 

previously established to be shorter in leptin knockout mice than in their wild-type counterparts 

[8], and would therefore be likely to reveal sex-related differences.

When we compared adult male and female leptin knockout mice at 13 to 14 weeks of age, 

however, several of the expected sex-related differences in bone parameters were not observed. 

Specifically, the periosteal and endosteal circumference, as well as trabecular bone mineral 

content, marrow area and the total bone mineral density in the leptin knockout male mice were 

all reduced (Fig. 2A-E). Importantly, the polar moment of inertia, a major cross-sectional 

determinant of torsional bone strength, was not altered between C57BL/6 and leptin knockout 
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mice (Fig. 2F), which suggests that mechanical loading effects on bone formation did not 

contribute to the loss of bone size parameters.

These results contrast with the high bone mass phenotype attributed to leptin knockout mice 

[4]. It is possible that our results vary from previous reports because our measurements were 

taken at midshaft while previous analyses examined the metaphysis. However, our results largely 

agree with those of Hamrick et al. [8] who found reduced femur parameters among the 6 month-

old male leptin knockout mice. The femurs of the leptin knockout animals are significantly 

shorter than wild-type mice, an observation reported in that study. Both males and females 

showed this trait, suggesting that endochondral bone length, at least in the femur, is directly 

regulated through leptin without sex hormone-related effects. It appears that leptin is permissive 

for femur length, though other factors, notably estrogen regulation of growth plate chondrocyte 

proliferation and epiphyseal fusion, also affect femur length [23]. If androgens mediate the 

periosteal dimensions of the endochondral bones, the reduced femur length in the leptin 

knockout male mice could compensate such factors as the cortical thinning of leptin knockout 

mice which might cause an unacceptable loss of bone strength in a femur of normal length.

The effect weight on the mechanical loading on the leptin knockout femur is difficult to 

determine because the large weight gain renders the animal relatively inactive. The lack of 

differences in the polar moment of inertia suggests that the increased mechanical loading 

expected from the greater body weight does not affect bone formation. However, the posture and 

gait of the animal also appear so altered by the weight mass such that we cannot assume that the 

different elements of the skeleton will bear the increased weight in the same proportion as they 

would the normal weight. Hamrick et al. [8] have described muscle atrophy in their male leptin 

knockout mice, but we do not observe differences in the lean body mass between male and 
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female leptin knockout mice, which would suggest that the muscle mass is centrally regulated by 

testosterone and local atrophy is less important. However, our results do agree with the femur 

analysis of Hamrick et al. [8], who found variations in axial and appendicular bone parameters in

male leptin knockout mice. The cortical thinning observed in that study was also observed in this 

study. These results support a peripheral role for leptin in the regulation of bone size, with leptin 

expression permissive for the sex hormone functions that affect bone growth. We have not 

examined other bones and cannot conclude that all skeletal elements of male leptin knockout 

mice display the loss of sex-related differences in bone size observed in the femur. We cannot 

discount central regulation of bone size and variable fat content within different skeletal 

elements that might occur in such an obese animal. To confirm that the loss of sex-related 

differences in leptin knockout mice was indeed due to sex hormone function, we compared the 

body characteristics and femur parameters in pre-pubertal wild-type and leptin knockout mice at 

three weeks of age. This time is prior to the sex hormones that would be expected to affect sex-

related functions, including bone development. There were no sex-related differences in body

weight, body fat or total lean body mass in pre-pubertal mice (Fig. 3), though both male and 

female leptin knockout mice exhibited an increase in body fat by this age (Fig. 3B). No

differences in any femoral parameters were observed between male and female pre-pubertal mice 

of either the wild-type or leptin knockout strains (Fig. 4A-F). Taken together, these results 

confirmed that the loss of differences in femur size between adult male and female leptin 

knockout mice was related to the sex hormone function.

Surprisingly, adult male leptin knockout mice expressed elevated serum levels of free 

testosterone, suggesting that the increase in testosterone production may reflect a compensatory 

mechanism for deficient testosterone function (Fig. 5A). On the other hand, we did not measure 
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the sex hormone binding globulin (SHBG) level in this study, because assays for murine SHBG 

are not commercial available. SHBG has been negatively correlated with obesity and insulin 

resistance [24], which suggests that it might also influence the free testosterone levels in the 

leptin knockout male mice, although interactions with total testosterone and leptin might be 

complex. Accordingly, we can not rule out the possibility that the elevated serum testosterone 

levels might be a consequence of a reduced circulatory SHBG. The leptin knockout males and 

females also exhibited elevated free serum estrogen (Fig. 5B), consistent with the aromatization 

of testosterone to estrogen in the males that is also observed in obese human males [25] though 

the response to aromatase functions could itself also be sex-specific [26]. Although we do not 

have evidence at this time, the elevated levels of testosterone argue against hypogonadism in 

leptin knockout males, and the high variation in free serum testosterone between individuals 

suggests that feedback up-regulation of testosterone is involved.  Feedback up-regulation of 

testosterone, such as that observed in bone cells in vitro [27], is consistent with a defective 

testosterone signaling mechanism, especially in the absence of transcriptional up-regulation of 

the androgen receptor that we observed in male leptin knockout mouse femurs. Our future 

studies will address this possibility. Because testosterone affects the periosteal diameter, it would 

be expected that androgens would mediate cross-sectional bone size through the periosteal cells. 

If so, this deficiency appears to reside in the testosterone receptor signaling pathway of leptin 

knockout cells, as real-time PCR analysis of androgen receptor expression in male leptin 

knockout and C57BL/6 femurs failed to detect any significant differences in receptor transcript 

levels. Deficient testosterone signaling in the periosteum might therefore explain the reduction in 

cross-sectional parameters of bone size in male leptin knockout mice. We continue to investigate 

the testosterone signaling pathway in male leptin knockout mice.
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This study also has not addressed the effects of obesity and leptin deficiency on diabetic 

hyperinsulinemia and growth hormone regulation of body composition.  While the growth 

hormone (GH)/insulin-like growth factor (IGF) axis is affected by body fat and has been 

correlated with the leptin levels in normal men and women and leptin and the IGF-1 system did 

not regulate one another [28], adipose tissue mediation of the GH/IGF system remains poorly 

understood. Thus, the effects of leptin-deficiency on bone size are affected by multiple hormonal 

systems that confound interpretations of systemic regulation. Accordingly, we cannot rule out the 

possibility that the changes in bone size parameters that we have observed might be related to 

peripheral leptin regulation of osteoblast and adipocyte differentiation [29].

Leptin regulation of bone size parameters would be expected to balance skeletal growth and 

development with body mass. The loss of sex-specific differences in femur size in the absence of 

leptin function suggests that leptin is permissive for androgen effects that produce the increased

body mass and bone size in males. Such interactions might take place through the any of the 

several intracellular signaling pathways that mediate leptin receptor signaling [see review 30]

and androgen receptor signaling [see review 31]. We propose that in the presence of leptin, 

normal androgen signaling would be expected to increase bone size to accommodate the increase 

in body size in males. In the absence of leptin, estrogen might mediate basal bone size 

parameters while androgen signaling for increased size is impaired in males. Further studies will

investigate the mechanism by which leptin mediates sex-specific bone parameters.
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Figure Legends

Fig. 1. Comparison of body characteristics in adult C57BL/6 and leptin knockout mice. Each 

group contained 12 mice at 10 weeks of age. (A) body weight; (B) total body fat; (C) total lean 

body mass. Results are expressed as mean ± standard error of mean (SEM).

Fig. 2. Comparison of bone parameters in adult C57BL/6 and leptin knockout mice. (A) femur 

length, (B) periosteal circumference, (C) endosteal circumference, (D) marrow area, (E) total 

bone mineral content, (F) polar moment of inertia. Each group contained 12 mice at 13 to 14

weeks of age. Results are expressed as mean ± standard error of mean (SEM).

Fig. 3. Comparison of body characteristics in pre-pubertal C57BL/6 and leptin knockout mice.

(A) body weight, (B) total body fat, (C) total lean body mass. Each group contained 6 mice at 3 

weeks of age. Results are expressed as mean ± standard error of mean (SEM).

Fig. 4. Comparison of bone parameters of pre-pubertal C57BL/6 and leptin knockout mice. (A)

femur length, (B) periosteal circumference, (C) endosteal circumference, (D) marrow area, (E)

total bone mineral content, (F) polar moment of inertia. Each group contained 6 mice at 3 weeks 

of age. Results are expressed as mean ± standard error of mean (SEM).

Fig. 5. Comparison of serum sex hormone levels in male and female leptin knockout and 

C57BL/6 wild type mice. Each group contained 15 mice at 10 weeks of age. Results are 

expressed as mean ± standard error of mean (SEM).  
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Fig. 1. Comparison of body characteristics in adult C57BL/6 and leptin knockout mice. 
Each group contained 12 mice at 10 weeks of age. (A) body weight; (B) total body fat; (C) 

total lean body mass. Results are expressed as mean ± standard error of mean (SEM). 
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Fig. 2. Comparison of bone parameters in adult C57BL/6 and leptin knockout mice. (A) 
femur length, (B) periosteal circumference, (C) endosteal circumference, (D) marrow 

area, (E) total bone mineral content, (F) polar moment of inertia. Each group contained 
12 mice at 13 to 14 weeks of age. Results are expressed as mean ± standard error of 

mean (SEM). 
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Fig. 3. Comparison of body characteristics in pre-pubertal C57BL/6 and leptin knockout 
mice. (A) body weight, (B) total body fat, (C) total lean body mass. Each group contained 

6 mice at 3 weeks of age. Results are expressed as mean ± standard error of mean 
(SEM). 
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Fig. 4. Comparison of bone parameters of pre-pubertal C57BL/6 and leptin knockout 
mice. (A) femur length, (B) periosteal circumference, (C) endosteal circumference, (D) 
marrow area, (E) total bone mineral content, (F) polar moment of inertia. Each group 

contained 6 mice at 3 weeks of age. Results are expressed as mean ± standard error of 
mean (SEM). 
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Fig. 5. Comparison of serum sex hormone levels in male and female leptin knockout and 
C57BL/6 wild type mice. Each group contained 15 mice at 10 weeks of age. Results are 

expressed as mean ± standard error of mean (SEM).  
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